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PARP AL 
Solar and Geomagnetic Effects on Cosmic Rays 


SECTION A: Solar Flare Effects 


Solar Flare Cosmic Rays and Their Propagation. 


J. A. SIMPSON 


Enrico Fermi Institute for Nuclear Studies 
The University of Chicago - Chicago, IU. 


1. — Introduction. 


Of the five large increases of cosmic ray intensity, the event of 23 February, 
1956, was the most outstanding for quantitative study. It provided direct evi- 
dence for the occasional production of particles with energies up to 20--30 GeV 
for protons, evidence for important interplanetary magnetic fields, and evidence 

‘on the mode of charged particle propagation from the solar source to the earth. 

During a solar flare in which cosmic rays are produced, the entire solar system 
becomes a laboratory in which extensive quantitative measurements can be 
carried out from the position of the earth. In this paper we shall be con- 
cerned with: 


a) the propagation of particles from the source, 

b) the initial anisotropy of the radiation at the earth, 

c) the approach to isotropic incidence, 

d) the storage of particles by interplanetary magnetic fields, 
e) the mode of particle escape from the solar system, 


Thus, we are directly concerned with the physics of particle propagation; 
storage and the spectrum, from which studies we may place limiting conditions 
on the acceleration mechanism. Since this paper is to provide a general intro- 


10 - Supplemento al Nuovo Cimento. 


134 J. A. SIMPSON 


duction to the topic of the solar flare effect, and this is the first of a series of 
papers on this subject at the Conference, we shall review some of the important 
experimental results from over the world; but in the matter on interpretation 
we shall emphasize our work at the Institute in Chicago, comparing some of 
these ideas with extremely different ideas that will be discussed more fully 
in other papers. The recent results concerning the initial stages in the pro- 
pagation of flare particles (Sect. 3-9) are discussed in more detail elsewhere [1]. 


2. — General features of an increase of cosmic ray intensity. 


Fig. 1 represents the increase of cosmic ray intensity observed at Chicago, 
along with the times of important developments in the progress of the flare [2]. 
The most notable features include the rapid rise to maximum intensity and 


tu (a) 
2 Expanded Scale a 
= Near Time of Flare = 
g000++2500 Onset 1000 = 
x "D 
È - 
È 7000 = g ae 
= = i 
3 20008 fa Section of Intensity Curve 1415-1900 U.T. 
Ò Dix 
(SÌ 
x 
S 3È 
76000 sis 
Wy — 
=| soon & 0 
a L sani 1415 1500 1600 1700 1800 1900 
35000 =5 < Hours-Universal Time 
ov 
SESTO: 
SG tL 10005 % € 4 
& 4000 ini us E S 
© L Ss è Re 
= OT 
‘= Su & = 
5 SE = = 
930001500 PE è x 
w Pilot = 
= o 
S VIET È 
L ie ifs uf ‘ © 
oe = ne af) n 
E 12 
a Passi Sf fF 
3 - 539958 3 DI 
ON, | universal lime x 
= ly 
S È I HOURS- UNIVERSAL TIME 
= 
Sla 
= 0300 0400 0500 0600 0700 0800 0900 


Fig. 1. — The increase of cosmic ray intensity following the optical flare of 
23 February 1956 at Chicago, Illinois. 


the gradual decline of intensity over a period of many hours. We shall be 
concerned with the characteristics of this increase at early times, namely, the 
time up to the maximum intensity, and the late times, namely, beyond the 
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time of maximum intensity. In order to compare the data from the many 
Stations throughout the world it is necessary to define certain parameters 
which are common to all the data. In Fig. 2 


we show the definition for the time of onset RI 
: 3 ni Le |a 
to, the time when particles are first detected ¢*, ere "A 
| ; 32 
namely, pre-onset, and the time of maximum f,, . È 2 
gs 
lg 
Ise 
= . è A LA 
Fig. 2. — Several cosmic ray recorders display : ; 
intensity as a function of time in sufficient detail DY gE SS 
li h 'max 


to reveal a small increase leading into the sharp 

rise of intensity. This is identified as a «foot» on 

the intensity curve. We define this foot as the pre-onset increase and specify the 

beginning of this pre-onset as t#. The steep slope of the intensity increase when 

extrapolated to the time axis defines the onset time ty. These are times observed at 
the earth. 


3. — The delayed arrival of low energy particles [1]. 


The onset times can be rather accurately determined for about 18 to 
20 detectors throughout the world. These onset times and their distribution 
are shown in Fig. 3. It is clear that a range of nine minutes or more exists 
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Fig. 3. — The world-wide distribution of cosmic ray detectors for which the onset time 
has been established. 
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which cannot be accounted for by timing, or other experimental errors. The 
earliest onset times are spread out in longitude from Cape Shmidt [3] to 
Freiburg [4], and perhaps as far west as the British stations. This is a lon- 
gitude range of over 160° in the northern hemisphere, extending from early 
morning to early afternoon hours local time. 

We shall now investigate the meaning which this range of onset times and 
their distribution over the earth have for understanding the propagation of 
solar cosmic rays during the first minutes of the intensity increase. 

The observations reported in Fig. 3 were obtained with either ion chambers, 
counter telescopes or neutron intensity monitors. If a beam of solar particles 
arrives at the top of the atmosphere containing a mixture of high and low 
energy particles, then all three types of detectors would respond to the se- 
condaries from the high energies and at least the neutron monitor would 
respond to the secondaries from the low energy particles (> 1GeV). It is 
clear, therefore, that if the first arriving solar cosmic rays particles have a 
wide spread in energy, there should be a unique value for the onset time 
throughout the world for all kinds of detectors. But from Fig. 3 we see that 
for the flare of 23 February 1956 not all detectors responded to the arrival 
of particles with the prompt onset time near 0344 U.T. For example, the 
observations from the Asia-Europe area are compared with Chicago (USA) [2] 
and Ottawa (Canada) [5] in Fig. 4. Here we find no evidence for particles 
arriving before 0349 U.T. at Chicago and before 0350 at Ottawa (the respective 
onset times are 0350 and 0353), whereas the detectors in Europa and Asia 
experience a sharp increase at (0344 + 1) U.T. for both charged particle and 
neutron detectors (*). Since in the minutes following prompt onset, the 


(*) S. N. VERNOV (DORMAN, FEINBERG, GLOKOVA, GRIGOROV, KOPILOV, SANIN, 
SHAFER and VeRNOV: Private communication, June 22, 1957) has recently provided 
us with a re-evaluation of all the data from the cosmic ray intensity increases recorded 
in the U.S.S.R. Using our criterion for onset times, we list below the revised onset 
times for the Soviet stations: 


Geomagnetic coordinates 
Station | - n to 
Lat. Long. | 

TOLSE SN ET 36° N 122° 0341 
SRAM AMS Bos Bde A bc 48° N 141° 0341-2 
MECMOBCOVE Se 0 ok. reer eet 51° N 120° 0342-3 
| Vail es o's Joo wing ee DSN 193° 0343-4 
| Cane imam 5 os o omy < 63° N 227° 0344-5 


According to this report an over-all error of about + 1 minute is to be assigned to 
each of the above values for ty. 
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primary particle intensity over Europe exceeded background by a factor 25 +50 
without a detectable increase appearing at Chicago or Ottawa, the mechanism 
preventing the arrival of solar produced particles at Chicago and Ottawa under 
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Fig. 4. - The delayed intensity increases in the western hemisphere are shown for the 
neutron monitors at Chicago and Ottawa. Note the absence of any increase of in- 
tensity at Ottawa before 0349 U.T. 


We wish to make two comments regarding these new data: First, even taking 
into account the assigned errors in timing, there appears be to a systematic delay in 
onset time with increasing geomagnetic latitude. It is well established that within any 
given impact zone the magnetic rigidity of arriving particles decreases with increasing 
geomagnetic latitude. Consequently, this small and systematic spread in onset times 
is explained if we assume that the highest energy particles arrive first, i.e., that there 
is a small dispersion effect within an impact zone similar to the large dispersion effect 
(Fig. 7) we find between the « 0900 » and the «2000» hour impact zones. Second, 
though this small effect may be real, it is small compared with the observed time dif- 
ferences of 9--10 minutes, and represents a small spread of particle energies. There- 
fore, the assumption we have made in this paper, namely, that the onset time in Europe 
and Asia is represented by a unique, prompt onset at (0344 - 1) U.T. is still satis- 
factory for studying the initial phases of propagation and does not change appreciably 
the results shown in Fig. 7. 
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these circumstances must have been exceedingly effective and depended upon 
factors other than the response characteristic of the detectors. 

We now examine the behavior of the primary beam in the geomagnetic 
field. If we make the assumption that the solar cosmic rays are arriving 
roughly isotropically at this time then we apply the classical Lemaitre- Vallarta 
theory. Since, from Fig. 3, promptly arriving radiation appears within the 
geomagnetic latitude range 0° up to 55°, then particles of the same energy 
range would have access to Chicago and Ottawa if the cosmic rays were iso- 
tropic. But, since no effect appears at these latter stations, we must conclude 
that the cosmic rays did not arrive isotropically, and the source as seen at 
the earth was limited in size. 

The problem of determining at what positions inside the terrestrial mag- 
netic field particles arrive as a function of their energy, if the source at infinity 
is of finite size, has been treated extensively recently. The allowed regions 
of impact on the earth are called impact zones. From the above general argu- 
ments we conclude that impact zones of some kind existed during at least the 
first 10 minutes of solar particle arrival at the earth. On the other hand for 
later times (later than 1 hour) it should be emphasized that the experimental 
evidence strongly indicates isotropic incidence. 

Fortunately, the magnitude of the cosmic ray effect was sufficiently large 
to obtain a measure of the effectiveness in excluding particles from some 
regions of the earth. An increase of intensity as small as (15-20) % beginning 
at 0344 U.T. would have been readily detected at Ottawa, but no effect was 
observed even though the intensity of promptly arriving particles outside the 
terrestrial field was > 5000 percent. Therefore, less than one solar produced 
particle in a hundred was able to reach Ottawa before 0349 U.T. Let us 
assume tentatively that this promptly arriving beam of solar particles 
contained particles over the energy range found to exist for later times 
(1 < F< 30 GeV for protons). Then this discrimination factor 102 for exclu- 
sion of particles must apply to particles of all energies in order to account for 
no early increase of intensity being observed at some stations. 

However, it was shown in earlier papers [6-8] from this laboratory that, 
although the exclusion of high energy particles from regions outside the main 
impact zones may be complete, there is a background region extending over 
all longitudes which arises from connecting orbits of low energy particles 
—energies near the geomagnetic cut-off for the observing position in the back- 
ground zone. Thus, even though we can account for the exclusion of high 
energy particles outside the main impact zones, we cannot argue that low 
energy particles are similarly excluded. It then follows that the observations 
at Chicago and Ottawa are inconsistent with the assumption that the promptly 
arriving beam contains particles of both low and high energies. 

However, if we assume that the first high energy particles arrive several 
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minutes ahead of the first low energy radiation, then we shall be able to account 
for the delayed cosmic ray increases at Chicago and Ottawa as we shall show 
later. With the assumptions that impact zones existed during the first 10 —-15 mi- 
nutes of the cosmic ray increase, and that the low energy cosmic rays arrive 
late in this time interval, we are led to the following alternative explanations 
for the late arriving particles: 


a) either the late arriving particles come from directions other than the 
limited source so that they have access to regions of the earth otherwise for- 
bidden for a source at the sun, or 


b) they arrive from the same source as the prompt particles but with 
lower energy so they may enter the background zone inaccessible to high energy 
particles. 


For alternative a), two extreme possibilities have been proposed, both of 
which involve the question of how magnetic fields are distributed in the inter- 
planetary medium. If disordered magnetic fields exist beyond the orbit of 
the earth, as suggested by the study of the flare event at late times [2], then 
cosmic ray particles might be back-scattered from this barrier to arrive late 
with respect to the high energy particles. This idea rests upon the erroneous 
assumption that Chicago and Ottawa were in highly forbidden zones for 
particles of all energies; we discard this possibility to account for the delayed 
onsets. The opposite extreme assumes a uniform field throughout the space 
between the sun and the earth, its direction being inclined with respect to the 
sun-earth line so that only high energy particles can arrive promptly [9]. 
We shall later show that this suggestion does not agree with experimental 
evidence for early or late times in the history of the flare. 

We, therefore, explore alternative d) wherein the particles of all energies 
during the first 10--15 minutes come from the source direction, but only the 
high energies arrive promptly at the earth. The time delay in transit as a 
function of particle energy arising from particle velocity distribution does not 
account for more than 10% of the time delay effect reported in Fig. 4. Before 
investigating further the origin of the assumed time delays as a function of 
energy, we shall briefly discuss the properties of the impact and background 
regions on the earth at the time of the giant flare. 


4. — Sun-earth orbits and the intensity of cosmic radiation at the top of the 
atmosphere. 


We know that the earth is not a perfect dipole, that important irregular- 
ities exist in the outer portions of the terrestrial field, and that there may be 
stray magnetic fields in the nearby interplanetary medium. Nevertheless, 
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from our discussion in the previous section we know that these defects in the 
magnetic field were insufficient to destroy pronounced anisotropies produced 
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by a source of finite size. Consequently, we 
have extended the early orbit calculations using 
the AVIDAC computer at the Argonne National 
Laboratory, Chicago. This work was done by Dr. 
REIMAR LUST, who reports on the details of the 
orbit calculations elsewhere in this Journal. The 
calculations assist in drawing conclusions on the 
behavior of impact and background zones. 

Using a spectrum (pe/Ze)-* for the production 
spectrum, assuming that the particles extend in 
energy out to 30 GeV, and taking for purposes of 
calculation the solid angle of the source as + 15° 
in latitude and + 10° in longitude, it has been 
possible to determine whether there exist distinct 
impact zones for a finite source. The details of 
the calculation appear in a paper published else- 
where [1]. At the time of the flare, the sun was 
located about 20° south of the geomagnetic 
equator. For the northern hemisphere, we show 
in Fig. 5 the expected cosmic ray intensities at 
the top of the atmosphere. The «2000» hour 
impact zone is as important as the first impact 
zone due to the very steep energy spectrum 
contributing particles of low energy preferentially 
to the third impact zone rather than the first 
impact zone. 

If the solid angle of the source is increased, 
the impact zones will extend over a wider range 
of longitudes than shown in Fig. 5.-It is clear 
from Fig. 3 that since the prompt onset time 
associated with the combined «0900 » and « 0300 » 
impact zones is observed over a 160° longitude 


Fig. 5. — The calculated counting rates at the top of 
the atmosphere have been determined using the results 
of the sun - earth orbit calculations and steep dif- 
ferential particle rigidity spectrum. Since the sun 


was approximately 20° south of the geomagnetic equator at the time of the flare, 
these results are for the northern hemisphere. (For details see Reference [1] and the 


paper by R. List in this issue, pag. 176) 
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band, the effective source at the time of the flare must have had a larger solid 
angle than the source used for our calculations.We shall discuss this matter later. 

The relationship between source latitude, and latitude for arrival is shown 
graphically in Fig. 6 for 2 GeV and 10 GeV rigidity particles. We observe 
that for a given source latitude and particle rigidity the impact points approach 
asymptotically the geomagnetic cut-off latitude for that rigidity. Therefore, 
outside the two major impact zones the incoming particles are restricted to 
a small spread in rigidity near the value of the geomagnetic cut-off prevailing 
at the location of the observer. In the vicinity of the « 2000 » hour zone, 
this effect forbids higher energy particles from arriving at intermediate and 
high geomagnetic latitudes. 
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Fig. 6. — The particles admitted to the « 2000 » hour impact zone have a low magnetic 
rigidity which is close to the geomagnetic cut-off rigidity, 


The steep energy spectrum results in the « 2000 » hour impact zone dis- 
playing an intensity almost as great as that in the first impact zone. This 
is in agreement with the observations in Europe and North America (*). 


(*) G. ProrzeR (in this issue, pag. 180). Finds a spectrum near [pe/Ze]* from 


his analysis of the anisotropic radiation. This spectral form will change the computed 


cosmic ray intensities in the various impact zones which we report here, but does 


not change the results of our analysis. 
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From the above results it is clear that if a burst of particles from the source 
contained particles of all magnetic rigidities, then the prompt onset time 
observed in the «0900-0300 » hour regions would also have been obtained in 
the spread out «2000» hour zone, which includes Chicago and Ottawa. Since 
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Fig. 7. — The time delays for the first arriving particles as a function of energy. This 
is called the dispersion effect. 


this did not occur (Fig. 4), we conclude that the radiation of high magnetic 
rigidity reaches earth first. Hence, the prompt onset time will only be observed 
in the merged « 0900-0300 » hour zone in the northern hemisphere, and the 
«0900 » hour zone in the southern hemisphere, whereas, the delayed onset 
times in the «2000» hour region and background zone will critically depend 
upon the magnetic rigidity of the arriving particles. For the longitude band 
centered on « 2000 » hour the delay in onset time, At, with respect to prompt 
onset, for the experimental observations over a wide range of geomagnetic 
cut-off rigidities is shown in Fig. 7. We have expressed the time delay over 
a particle energy range of (1--10) GeV, assuming that the incoming particles 
are principally protons [2]. The delay in onset time appears to be a smooth 
function of primary particle energy. 


ci 
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5. — Origin of the delays in onset times for the arrival of solar cosmic rays. 


If the impact zones at the earth during the early portion of the flare event 
are even approximately correct, then the first high energy particles arrive ahead 
of successively lower energy particles so that the time difference At depends 
upon particle energy, and may be as large as “t = 9 minutes for particles 
differing in energy by an order of magnitude. We therefore seek a physical 
explanation for this effect and the phenomenon associated with it. 

Differences in transit time arising from the range of / for the particles 
accounts for less than 10% of the effect. Also the time spent in the geomag- 
netic field, even for complicated orbits belonging to higher order impact zones, 
is less than 0.1 seconds. We are then led to either a) possible differences in the 
production time for cosmic ray particles within the flare, or b) mechanisms 
operative during the propagation of the particle between the flare region and 
the geomagnetic field. There are not, at present, any arguments for delayed 
production of the low energy particles in the visible flare region (*); indeed, 
it is likely that even for a rapid acceleration process the low energy particles 
will tend to appear in the source first, or at the same time as high energy 
particles. If we tentatively discard time delays in the flare region, we then 
consider mechanisms which may produce the effect after cosmic ray pro- 
duction. 

In addition to the differences of onset time At for cosmic ray increases 
observed at the earth, there exists the elapsed time between production and 
first detection of particles which may be even larger than for the difference in 
onset times. We define the elapsed time from the beginning of production at 
the sun to the first arrival at the earth as the initial transit time t'. It is clear 
from the four earlier large cosmic ray flares that this time may be many-fold 
the value of the transit time for electromagnetic radiation and this transit 
delay has frequently been noted in the literature. Thus, At is the « dispersion » 
arising from the time delay in transit # and is a function of particle energy as 
shown in Fig. 7. (Dispersion may also be a function of 1’.) 

The value of # for particles of a given energy depends upon our assumptions 
regarding the time of solar production. In this paper we shall consider the 
time of maximum energy output per unit volume of the flare as the time when 


(*) We have already shown that the kinetic energy stored in solar cosmie ray 
particles exceeds 3-10? ergs for the flare of 23 February 1956 [2]. This would imply 
that if the efficiency for cosmic ray production were as high as 1%, as seems impro- 
bable, the total flare energy exceeds 3-1033 ergs. We know that the flare was seen in 
white light and hence was of comparable intensity to the photospheric background [10]; 
these observations are consistent with the total flare energy being confined to the 
visible flare region. 
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cosmic ray production begins (*). For the February 1956 flare this would 
correspond to maximum light output and to the time approximately 0342 
U.T. If solar radio emission should turn out to be the dominant mechanism 
for cosmic ray production, it would be necessary to specify the time for initial 
production as 0335 U.T., thus increasing t’ so that it would be approximately 
equal to the dispersion time. 

We shall now discuss possible explanations for the time delays and begin 
by considering the dispersion effect in time, At. 

The alternatives are not numerous. Assuming prompt production of all 
particle energies within the flare volume, we are left with the problem of 
invoking suitable magnetic fields in order to increase the effective lengths of 
the low energy particle trajectories relative to the high energy particles. We 
also require temporary storage of the short burst of radiation, since the observed 
arrival of solar flare particles for more than (16 —18) hours is difficult to attribute 
to continuous production in the flare region. Interplanetary magnetic flelds 
appear to be the most likely means for charged particle storage. The question 
then arises: do the magnetic fields invoked for storage also introduce the ob- 
served spread in onset times at the earth? There is the possibility, that the 
interplanetary volume is pervaded by a uniform magnetic field (9,11, 12a] 
which may introduce some spread in the arrival times of particles, but argu- 
ments given in Sect. 9 indicate that a uniform or diverging mvgnetic field 
does not satisfy the experimental observations. A second possibility is the 
assumption of disordered magnetic fields located outside the orbit of the earth 
in the form of an enclosing barrier to provide temporary storage—a model 
which appears to fulfil some of the requirements for the late development 
of the cosmic ray flare event [2]. 

Although we have shown that «reflection » of charged particles from the 
inner boundary of such a barrier field cannot be the origin of the onset time 
delay At, we shall consider other ways by which the spread of onset times may 
be produced by particle diffusion through irregular magnetic fields. 

If we make the tentative assumption that irregular fields are extended 
throughout the region within the earth’s orbit, we see that a burst of radiation 
at the sun containing particles of all energies will diffuse outward through the 
field and that, since the diffusion mean-free-path will in general be a function 
of particle energy, there may develop significant differences in the arrival time 
between the first high energy and low energy particles. 

However, continuous diffusion throughout the region between sun and 
earth cannot represent the physical conditions at the time of onset on 23 Feb- 


(*) The total energy output of the flare in non-radio emission is at least of the 
order 10%? ergs, whereas the total energy emitted in the radio spectrum is of the 
order 10% ergs. 
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ruary 1956. Enough diffusion to produce the observed time delays leads to 
the smearing out of impact zones and, contrary to observations, a unique 
onset time would follow for all observed intensity increases. We, therefore, 
discard uniform diffusion between the sun and the earth. 

The remaining possibilities for using diffusion to produce the time delays 
require that the diffusion be restricted to either a region around the sun or 
around the earth. Even though some diffusion near the earth is likely, and 
is a possible way to account for the large Forbush type decrease of total in- 
tensity underway prior to the onset of the flare event [2], the earth would 
have to be immersed in a much larger volume of disordered fields to produce 
the observed diffusion time differences At = 9 minutes than for the volume 
to produce the observed Forbush decrease. Also, the requirements on the 
scale size of the disordered magnetic field region and the retention of observed 
impact zones at the earth are mutually exclusive. 

The flare of 19 November 1949 provides an independent argument against 
the time difference arising from disordered fields in the vicinity of the earth. 
At that time there was no evidence for a Forbush decrease having occurred 
prior to the flare. (The Carnegie Institution ionization chambers displayed 
a 1% decrease in intensity below the average for the period.) Even so, the 
time delay between high and low energy particles was approximately 11 mi- 
nutes as we shall indicate in Sect. 6. 

Consequently we explore solar particle diffusion in the vicinity of the sun. 


6. — Diffusion of solar cosmic ray out of the general solar magnetic field. 


BABCOCK has demonstrated beyond doubt that the sun possesses a general 
magnetic field [13]. He has shown that the field intensity near the photo- 
spheric surface is of the order 1 gauss. However, irregularities in the general 
field are certain. From the Bascock data there are obvious irregularities, 
and eclipse pictures taken at various phases of the solar cycle emphasize the 
changing distortion of the general field in the solar corona throughout the 
solar activity cycle. From independent solar-terrestrial observations there is 
extensive evidence that ionized matter in the form of streams and clouds 
emanate from deep in the solar atmosphere—these bursts of ionized matter 
inevitably squeeze and spread the general field in such a way as to produce 
small scale irregularities. 

In view of these arguments we shall assume as a working model that, 
although when observed as a large scale phenomenon the general solar field 
is roughly coherent, it is not a « good » dipole field—it is a general field con- 
taining more or less random small scale irregularities extending from photo- 
spheric level out to (50 -100) solar radii. We now ask how cosmic ray particles 
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in the energy range (1--30) GeV will propagate out of this solar field from the 
visible flare region. Trapping orbits will have very short life times because 
the magnetie field irregularities will scatter the particles into everchanging 
orbits. Indeed, if the general solar field were sufficiently perfect to sustain 
trapping orbits, it is difficult to see how low energy cosmic rays could ever 
escape from the vicinity of the sun (*), without invoking special effects [14]: 
the fact that a high yield of low energy cosmic rays exists is a strong argument 
that the field is not a perfect dipole. Furthermore, the flare itself produces an 
enormous outburst of radiation and matter which may extend one solar radius, 
or more, above the photosphere. Cosmic rays may then be carried in this 
outburst to the higher corona where the general solar field is weaker, before 
the diffusion we discuss here becomes effective. 

If the magnetic field irregularities are distributed throughout the solar 
corona they may be considered to be scattering centers for charged particles 
of cosmic ray energy with successive scatterings leading to more or less iso- 
tropic diffusion of particles in the general solar field. In the following dis- 
cussion we shall assume that the propagation of charged cosmic ray particles 
away from the solar flare region may be treated as particle diffusion out of the 
general solar magnetic field. The time required for a low energy particle to 
travel through a diffusing medium is in general longer than for a high energy 
particle, and it is this possibility that we invoke to generate the delay in arrival 
time of the flare particles at the earth. 

SEKIDO and MuRAKAmrI [15] have proposed that the magnetic field around 
the sun be a trapping field for flare particles in order to account for the initial 
transit time ¢’ defined earlier. We wish to point out that from our preceding 
arguments it would be difficult to sustain trapping orbits because of field im- 
perfections and that, in addition to the bulk time delay # we must explain 
the dispersion time difference At. For these reasons we prefer to try exploring 
diffusion rather than trapping as the dominant mechanism in the vicinity of 
the sun (+). 

From the observed spread of the main impact zones we assume that the 
source, or diffusing region, centered at the sun extends out at least 50 solar 
radii. To simplify the calculations the diffusing region shall be represented 
as a spherical envelope of radius r’ concentric with the sun. If the photospheric 
radius is 7, then m»<vr’. All particles that enter the volume defined by 


(*) For a proton of 2 GeV/e in a field of 10-2 gauss, the Larmor radius is 7-108 em 
which is 10-2 solar radius. 

(*) Note added in proof. - L. I. Dorman and, independently, G. ProTzER, 
in this issue, pag. 180. Have also suggested that there may be a diffusing region in 
the vicinity of the sun. The magnetic clouds near the sun which DORMAN invokes to: 
produce his «scatter» radiation could be used equally well in place of our model to 
explain the dispersion effect, if the clouds are sufficiently dense around the sun. 
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r<r) are absorbed. In addition to the symmetry of the model, we also 
assume that the diffusion coefficient K(e) throughout the envelope is constant 
and non-zero, i.e. OK(e)/Cr=0. The particle density J(e) is represented in 
the diffusion equation as: 


(1) IO = 220) Vd (e), where K(e) = ee : 


L(e) being the scattering mean-free-path. 

The solutions of the spherically symmetric diffusion equation have already 
been considered in an earlier paper for several cases [2]. 

Since the scale size of the flare region is 7,, where (cosmic radiation carried 
by the large outburst of energy may modify this somewhat) we may assume 
that the particles are injected instantaneously at t = 0 into the solar enve- 
lope at r + 0. Then the particle density, at the time ¢ > 0 and at r>7, 18 
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From the exponential factor we see that (Kt)? is proportional and comparable 
to the distance 1 beyond 7, to which particles of a given energy have diffused 
in the time ¢. 


If the relative distances that particles of energies €, €» travel in the times 
T,, T are represented as lengths G, 4, then 
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To understand the dependence of L(e) upon particle energy we must con- 
sider the problem of scattering charged particles in magnetic fields. If we 
call J the scale size for an irregularity capable of deflecting a particle of rela- 
tivistic energy, then A<n = 7-10! cm. If 0, is the Larmor radius of the 
particle inside a scattering region, the scattering process will depend upon the 
relative magnitudes of 0, and A. For a sufficiently high energy particle 0, > A 
under all conditions; for a sufficiently low energy particle 0, < 4 under all 
solar conditions. The energies to be considered here are within the range 
(1+20) GeV. As -one possible case the irregularities in magnetic field intensity 
may be treated as concentrations of strong fields interspersed with regions of 
very weak fields. Then for sufficiently large and dense concentrations 0;<A 
and 0;< 0 (where 0 is the Larmor radius in the average field at radius 7) 
so that the particles over a wide range of energies will undergo wide angle 
deflections in collisions with these irregularities. Under these conditions L(£) 
depends very little, if at all, upon particle energy. But if this diffusion is the 
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main process which leads to the differences in onset time at the earth, we 
know from Fig. 7 that the process is strongly energy dependent and the limiting 
case 0; <A does not apply to solar conditions at the time of the February 1956 
flare. We are led to the conclusion that 0, > 4. 

A detailed discussion of the function L(e) and the explicit form used for 
the calculations appears in reference [1], and will not be discussed further here. 

If we call t’ the transit time, assumed independent of particle energy, from 
the outer boundary of the solar diffusing envelope to the orbit of the earth, 
and At the difference in the observed onset times for particles of energy &, £: 


we may write 


(8) t+At+T,=tTtt+t- 


All particles have relativistic energy, and we assume they travel with ve- 
locity e. Since we have assumed that the envelope radius 7’ will be inde- 
pendent of particle energy, then t, =t, and t,4+ At=r, 
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From experimental observations we have the time of onset as a function 
of geomagnetic cut-off energy for five different geomagnetic latitudes all in 
the region of the spread-out «2000 » hour zone as shown in Fig. 7. 

The ratio R is best determined for a wide spread in At and particle energy; 
‘ the Ottawa and Huancayo [16] data are, therefore, used to obtain the value 7, 
for the diffusion time out of the solar envelope for particles of energy 10 GeV 
or greater. It then follows that using the two end points of the curve in Fig. 7 
we can calculate the values for At under the alternate assumptions 0, > 4 
‘or,0; > À. The results are shown in Fig. 7 where it appears that 0; a 4 is 
the better assumption. The errors of A¢ = + 1 minute do not justify further 
approximations in the calculations, especially in view of the fact that the 
effective solar envelope radius must be a function of particle energy. 

An order of magnitude estimate can now be obtained for the radius of the 
solar diffusing envelope from the high energy particles e > 10 GeV which have 
prompt onset at the earth: t = 2.6 minutes for these particles: ... r' < te and 
ra 0.3 A.U. This represents a ~ 35° source in the sky. Independent estim- 
ates of the source size from the width of the « 0900-0300 » hour impact zone 
require a source of at least this size as noted in Sect. 8. 

If diffusion through the general solar magnetic field accounts for the dis- 
persion in onset times At, then there are two consequences which follow for 
the behavior of the cosmic ray intensity during the first minutes of the increase 
of intensity. First, the rate of rise of cosmic ray intensity following ft, must 
be a function of the lateness of onset time over the entire energy range. The 
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time required for the intensity to rise to 50% of maximum intensity is given 
in Table I for each station. These results are in the right direction and of the 


TabLe I. — Rate of cosmic ray intensity increase following ty. 

| P Time for intensity 
» to increase to 50% tm 
| S x RESINE: aC 

Prompt arrival. . . | 0344 4 minutes 

Cheltenham .... | 0348 6 minutes 

Chiaro i 0349 8 minutes 

OGame ia e 0353 11 minutes 


correct magnitude for agreement with the diffusion hypothesis. Second, for 
any given energy, the growth of intensity at the outer boundary of the envelope 
will at first be gradual; the increase of 

intensity everywhere at the earth should, Neutron Intensity at 


i mM 
therefore, have an exponential « foot » DEA 


%o 


on the intensity curves. This is ob- 5° 
served in some cases and has been de- 
fined here as the gradual pre-onset in- 
crease t*. For example the preflare 
increase began about 0341 U.T. and 
amounted to 20 % (ionization) at Hobart, 399 
Tasmania [17] and was 10% (ioniz-, 
ation) at Freiburg [4]. For low energies 
and late onset the foot is also evident 
in the Ottawa neutron intensity data, 
Fig. 4. 100 
If this explanation for the observed 
dispersion in arrival times of particles 
is correct then these dispersion effects 110 o 
must have occurred at the time of DOO EEE 
previous cosmic ray intensity increases. Fig. 8. — The cosmic ray intensity at 
For example, on November 19, 1949, Manchester, England, 19 November 1949. 
the ion chamber at Climax, Colorado, 
was in an impact zone with onset time t,=1045 U.T. [18] whereas the neutron 
detector at Manchester, England (*) was in a higher order region. For Man- 
chester we see from Fig. 8 it is unlikely that the onset was earlier than about 
to t) > 1055; hence At = 10 minutes. 


4001 


200- 


Per Cent Increase Above Preflare Intensity 


ga 


(*) We are grateful to Dr. H. J. J. Brappick and Dr. N. Apams for providing 
us with more accurate data on the neutron intensity increase at Manchester (Nov. 19, 
1949) than has heretofore been published. 
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The model for a solar diffusing envelope which we presented here to account 
for the dispersion effect is undoubtedly in nature a mixture of magnetic field 
regions, since not only are there the field irregularities in the envelope, but 
also radially stretched magnetic fields in the equatorial regions, in addition 
to the enormous radial channel of disordered fields produced by the giant solar 
flare itself. Hence, each flare event may display some differences in the energy 
dependence of At and apparent source size. The differences in ¢’ and At for 
the five flares may depend upon how far out into the corona the flare burst 
carries the cosmic ray production before diffusion outward through the enve- 
lope takes place. 

Because of diffusion, cosmic ray particles reach the back side of the solar 
envelope and escape. There is, at present, therefore, a difficulty with the 
model since few increases of cosmic ray intensity have occurred without any 
observed solar flare. Perhaps the outward diffusion is limited more to a 
radial diffusion channel than we suspect at present. 


7. — The cosmic ray intensity in the polar regions. 
The flare of February 1956 was the first for which cosmic ray detectors 
were operating in both polar regions. Data on the detectors in polar regions 


(defined as the limiting latitudes greater than + 60°) are given in Table II. 


TaBLe II. — Polar stations. 


| Estimated | | 
eomagnetic, o | 

: latitude Geographic. Time ee | Detector 

| (revised co- | longitude | of onset EST and absorber 

| ordinates) LOVER 

\ in brackets) | 
oe _ SA CIS da o -| 
Mawson . . . . |--73°(- 71°) 65°E | Est. 0344-50| <0358 | Vertical; 10cm Pb | 
Macquarie Island —.61°(— 56°) 160° E Est. 0344 | <0400 | Vertical; 10 cm Pb 
Cape Shmidt. . | + 63° (+ 68°) 180° E 0344 | 0358 | Ionization; 12 em Pb; 
Kiruna... . (+68°(+63°) 20° E | Est. 0344 | 0400 | Vertical; no absorber 
Godhavn ... | +80° (~ 75°) 55° W | 0353-4 | ~0420 | Ionization; 12 em Pb! 
Resolute. . . . |+83° 100° W | 0353 | ~ 0415 | Vertical; 14 cm Pb i 


We have recently analyzed the experimental data for the polar regions [1] 
and find that some detectors displayed increases consistent with a prompt 
onset time and, therefore, were in impact zones, whereas other polar stations 
appear to have had no connecting orbits with the source direction; we shall 
here only summarize some of the conclusions. 
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There were impact zones extending into the lower Polar regions for the 
promptly arriving particles, and after about 0353, the kind of radiation ar- 
riving at Ottawa extended throughout the North Polar, and probably the South 
Polar regions. At late times, especially after 0500 hour U.T., the highest total 
particle intensities are found in the polar regions. The polar radiation at late 
times is composed of the entire radiation which has access to the earth. The 
four previous large cosmic ray increases support this view since the intensity 
at Godhayn at late times is always farther above pre-flare intensity than any 
other comparable ion chamber anywhere in the world. 


8. — The time of transition from anisotropy to isotropy. 


Since Godhavn and Resolute are located at latitudes inaccessible to the 
solar source, the polar observations support the view that the radiation reaching 
Ottawa and Godhavn was beginning to come from directions other than the 
sun after 0353 U.T. During the following hours there was no further evidence 
that the incoming radiation arrived from a preferred source position except 
for small anisotropies measured at high energies in Stockholm [19] and 
Rome [20]. We favor the view that this anistropic effect after the first hour 
may arise from the north and south telescopes observing particles of different 
energies. If so, the observed steep particle spectrum will produce appreciable 
differences in intensity between the two telescopes. Also, the telescope ani- 
sotropy persisted for more than a quarter revolution of the earth which sug- 
gests that there was not a unique position for the apparent source. 

We argue, therefore, that the period following 0353 U.T. represents the 
transition from a preferred source direction to isotropic incidence. 

In Sect. 6 we made the simplifying assumption that the source size was 
constant, and independent of particle energy. However, it is clear that if 
our calculations of the impact zone locations are even approximately correct, 
then the solar cosmic rays came from a region which included the position 
of the sun. The size of this diffusion source for different particle energies may 
be estimated, both from the longitude spread of the merged first and second 
zones in Asia and Europe, and from the time for particles to diffuse out of 
the source. At the time of prompt onset (0344 U.T.) the source as observed 
at the earth was less than 1 radian in solid angle. However, for approximately 
1 GeV magnetic rigidity particles first arriving about 0353 U.T. the source 
would appear to occupy an exceedingly large solid angle. It is at this time 
we believe that the transition from particle arrival in impact zones to more 
or less isotropic incidence begins. 
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9. — Propagation in uniform or uniformly diverging magnetic fields as an 
ex lanation for the dispersion effect and impact zones. 


It has recently been suggested, principally by EHMERT [9], HAYAKAWA [11], 
GoLp and others [12], that the region including the sun and the earth was 
pervaded at the time of the flare by a more or less uniform magnetic field along 
which the solar cosmic rays may propagate to the earth. We shall consider 
here briefly the implications which a) the existence of impact zones and b) the 
dispersion effect have upon this hypothesis during the early stages of the cosmic 
ray intensity increase. 

The first step is to show how particles moving in a uniform field will be 
distributed just outside the influence of the terrestrial magnetic field near 
the time of prompt onset, ¢, and at later times, ¢,+At. The second step is 
to find out what distribution the particles will have within the magnetic field 
and at the top of the atmosphere for these respective times. We shall give 
here only the main features and principal effects. 

Call g the angle between the direction of the magnetic field lines of force 
and the sun-earth line, /. Charged particles with a wide range of magnetic 
rigidities are assumed to be emitted isotropically by the flare into this mag- 
netic field; we define x as the angle which a particle trajectory makes with 
respect to the field lines. We also assume that all particles are relativistic 
and travel at the same velocity. Then the time to travel along the field in 
the sun-earth direction is t = (l cosg)/(Bc cos x). Clearly, if g = 0, particles 
of all energies traveling along the line will reach the earth. But if p+ 0, then 
only particles above a lower rigidity limit N’ may reach the earth, and only 
at late times. If we define 0 to be the radius of curvature of the trajectory 
projected on the plane perpendicular to J, then there is a value o0/(= 1 sing) 
determined by g which establishes the lower rigidity limit N' for solar part- 
icles observed at the earth. Particle trajectories with a radius of curvature 
less than o’ will not reach the earth at any time. 

To account for the prompt onset time ¢,, high energy particles are required 
to move along a small spread of orbits about /. As time elapses, t> t,, part- 
icles will begin to approach the earth with « + 90° to form an apparent part- 
icle source in the sky which lies in a plane approximately 90° with respect 
to the sun-earth direction, depending upon the bending of the field lines 
between the sun and earth. The apparent source is practically concentrated 
in the plane perpendicular to the uniform magnetic field. Thus, the apparent 
source moves from a position coincident with the sun at t, to a position 
approximately 90° away from the sun by approximately ¢ = 0353 Uae wit 
the arrival of particles in forbidden zones is to be explained by this model. 

We have investigated the distribution of impact points at the top of the 
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atmosphere for this line source. The results are shown in Fig. 9 for half the sky. 


It is clear that the impact zones are remarkably well defined, and, since the 


line source must persist for as long as there are 
solar cosmic ray particles stored in the uniform 
field, the impact zone effect at the earth as 
shown in Fig. 9 will remain for many hours 
after its initial formation. 

We believe that the experimental observations 
argue against a uniform magnetic field pervading 
the sun-earth regions at the time of the flare. 

First, the uniform field model does not 
produce delays in onset times of the kind 
shown in Fig. 4. The time delays arise in a 
uniform field from the spiral trajectories of the 
particles, rather than from the difference in 
velocities of the particles, since this latter effect 
is less than 10% of the observed dispersion. 
Then, for the initial burst of solar cosmic rays, 
the first arriving particles are those of all ener- 
gies which travel along the field direction, i.e. 
for x 0°. Since the transit time is t’ = //(Be cos «) 
for small values of g, the radiation first reaching 
the earth contains particles of both low and 
high energies. Similar conditions will exist for 
a slowly diverging or radial magnetic field. 
On the other hand, EHMERT [9] has sug- 
gested that the time delay comes about by 
making @ large and by invoking the progressive 
shift of the apparent source from the sun di- 
rection to a position in the sky far from the 
sun—as we have noted above. This requires 
that the impact zones be well defined at all times 
during the shift of the apparent source, and for 
later times. It also requires that very low energy 
particles (_, 6 GeV for protons) have no access 
to the earth at any time during the intensity 
increase. Neither of these requirements appear 
to be fulfilled by the observations. 


Second, for times in excess of t= 0.353 U.T. 


For Third 
Impact Zone 


0 
» 
DI 
oO 
I © 
DEE. 
= Nn w Ca 
Pei Oy 
NUMBER OF TRAJECTORIES 


A=50° roe tne PO 


10 


A 
in 
Az=40° 
id de 
A=30° 10 


0 40 80 120 160 200 240 280 320 360 
DEGREES LONGITUDE 


Fig. 9. — The locations of impact 
zones inside the terrestrial field 
obtained by assuming a line 
source of particles extending 
over half the sky. For particles 
arriving from directions in a 
plane, a second set of zones dis- 
placed 180° would be expected. 


the uniform ‘field model re- 


quires the presence of a line source which produces impact zones distributed 
as shown in Fig. 9. During the rotation of the earth, many stations on the 
earth have access to the main impact zone at some time during the decline of 
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solar C.R. intensity. At these times the intensity is predicted to be substan- 
tially greater than at other times. No effects of this kind have been reported, 
and we conclude that the intensity was almost completely isotropic in the 
vicinity of the earth at later times. 

Once the transition to nearly isotropic conditions occurs, the storage mecha- 
nism takes over the further propagation of the solar produced particles. 


10. — The storage and escape of cosmic ray particles at late times. 


The optical and radio emission data provide convincing evidence that the 
solar flare of 23 February 1956 terminated within an hour or so of its onset 
On the other hand, we know that 
radiation of solar flare origin in 
the multi-GeV energy range cont- 


II 


inued to arrive at the earth for 


5.000 -— 
F more than 15 hours. Continuous 
L production at the sun over this 
NE CRETA period appears extremely unli- 
E > MITRA kely—especially in view of the 
DES è 0906 fe required integrated energy cutput 
L 3 ne ae and the optical evidence—and we 
ate À conclude that the radiation was 
100 Morra Cosmic Ray produced in a short burst fol- 
Di Es soa lowed by storage in interplanet- 
E = ary magnetic fields. 
- O The previous discussions em- 
es phasized that the incident rad- 
E iation at late times approached 
<a a high degree of isotropy ; indeed, 


the spectrum is remarkably cons- 
tant in time over this period, as 
shown in Fig. 10. Thus the 
model for the storage magnetic 
fields must not only permit the 


Magnetic Rigidity.N radiation to propagate from the 


0.1 sun to the earth without destroy- 
1 A AAA NO A 50 GeV ine impatto IE n 
PR a DE, g Impact zones during the first 
Fig. 10. — The primary cosmic ray spectrum (10-15) minutes of the event, 
at late times [2]. but also bring about isotropy 


of the radiation within an hour. 
The subsequent escape of the particles from the solar System determines the 
decline of intensity observed at the cosmic ray Station, placing an additional 
restriction upon the form of storage fields. 
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This leads us to the important question: What configuration of storage 
magnetic fields in interplanetary space is required at the time of the flare to 
satisfy these conditions? To examine this question we shall roughly separate 
into two distinet and mutually exclusive groups the models proposed by various 
authors. One group of models requires ordered magnetic fields of solar origin 
extending outward from the sun which are either uniform or diverging. The 
earth is assumed to lie in or near the field distribution. The alternate group 
of models depends upon disordered magnetic fields distributed in space so as 
to require solar cosmic ray particle diffusion into the galaxy. In the following 
discussion we shall call these extreme classes of models the ordered and the 
disordered magnetic field models, respectively. 


a) Ordered fields. Introducing a uniform field to form an arc between 
the sun and the earth appears attractive for the storage of particles and for 
the introduction of a large transit time delay #. If the lines of force were 
parallel it is clear that most of the stored particles with access to the earth 
at late times will be those with velocity vectors making a large angle « (alpha) 
with respect to the sun-earth 
line. As this condition for parallel, 900 250 4:00 6:00 11:00 20:00 
lines of force is relaxed the field Mousse Ea vtinal oy) i 
becomes more divergent and the 1.000 t “(This Requires Flare 
population of stored particles for OR da DA 
x near 90° decreases sharply. A 


Date) 
magnetic field diverging by more 

than (5--10)% in the sun-earth 
distance will not store particles 
sufficiently long to account for 109 
observations. On the other hand, 
parallel lines of force lead to a 

plane source near the earth with 
impact zones on the earth at late 

times. 


E5This Requires Flare 
Onset At 02:38 U.T. 
For Wellington Neutron 
Data) —_- 


Per Cent Increase Above Preflare Intensity 


Hours — U.T. (Chicago) 


10 L | | 
The difficulties with ordered 930 GO Ova 5:00 puta 00 Ak ADOS 
fields may be approached from pig. 11. — Experimental data fitted to the power 
another point of view. The cos- law dependence expected from the hypothesis 
mic ray intensity decreases ac- of storage in a uniform magnetic field. 


cording to~t? for particles 

spiralling in a uniform field [9, 13]. Since we know that this requires 
injection into the field at the sun, the zero time for the power law plot must 
correspond to this time of injection. R. VoGr, in our laboratory, has deter- 
mined the time for injection required to produce a t* power law dependence. 
From Fig. 11 we find an excellent fit with the Chicago data, for example, but 
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with the unattainable requirement that the flare region inject cosmic rays 
more than 10 minutes before the flare existed. 

Because of the enormous energy requirement for forming a uniform field 
distribution of solar origin, any model requiring its existence must assume 
that the proper fields were present long before the flare event. This raises 
the physical question that since ionized matter carries the field into the inter- 
planetary medium, how can the field retain its uniform character in space, 
even temporarily, in view of the motions of the ionized medium? We do 
not exclude the existence of a radial magnetic field, but we do not believe it 
can account for storage. 


b) Disordered interplanetary magnetic fields. We now turn to the oppo- 
site point of view and examine the possibilities and difficulties associated with 
disordered or tangled fields. In this case the fields may be of solar origin, 
being plasma clouds ejected from the sun and containing magnetic fields, or the 
disordered fields might be a consequence of a galactic arm field whose boundary 
with the inner volume of the solar system has been made irregular by plasma 
clouds and ion beams. These possibilities have been discussed elsewhere [2, 21, 22]. 
In general, we assume that, although there is a diffusive region in the vicinity 
of the sun forming the source region, this inner region only accounts for the 
impact zone and dispersion effects—and is probably not the main storage 
region for cosmic rays. As a consequence of the observed impact zone effects 
the region between the source and the orbit of the earth should be relatively 
free of extensive scattering and deflecting magnetic fields other than a 
uniform or radial field. For this reason we have called the region inside the 
orbit of the earth, but beyond the source, a « field free » region, that is, B< 
< 10° gauss in this region if the fields are disordered, and B <10-5 gauss 
if the magnetic field is radial. Therefore, we suggest that the main magnetic 
field effects for retaining solar cosmic rays begin beyond one astronomical 
unit and extend outward to considerable depth in the solar system. This 
dispersed distribution of scattering centers may be called a barrier region of 
disordered magnetic fields, since it only allows the es ‘ape of solar cosmic rays 
by diffusion or holes in the barrier. If the mean-free-path between the scat- 
tering centers is of the same order of magnitude as the sun-earth distance, 
then this barrier will not be greatly different from the region enclosed within 
the orbit of the earth. Earlier we have discussed the properties of such a 
model requiring diffusion and a t È law dependence during early phases of 
the storage, and we shall not repeat these arguments here [2]. Recently R. 
Vocr has calculated the shape of the intensity curve using the expansion 
of terms in Appendix I, reference [2], with the assumption that the depth 
of the diffusion region, or barrier, is approximately 5 astronomical units, 1.4 
(a=1, b=6) and that the coefficient of diffusion is energy dependent for this 
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model. It is obvious that the onset time for storage occurs at the same time 
as the beginning of isotropy at the earth. 0358 U.T. was selected for the 
commencement of the diffusion with the results for Chicago and Wellington 
shown in Fig. 12. This agreement between observation and calculation is 
however, this 


in itself not an argument for the correctness of the model 
feature of the storage piocess may be explained by the model. 
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Fig. 12. — Experimental data compared with the theoretical curve for particle storage 
in disordered magnetic fields. 


Now, to consider the difficulties with the diffusion model. 

First, we have invoked an inner diffusing region at the source to obtain 
not only the bulk transit time delay # but also the dispersion At and, for storage, 
extensive scattering regions beyond the earth. Thus, two magnetic field con- 
figurations are required, although one may be the consequence of the other. 

Second, the rate of rise of cosmic ray intensity during the first minutes 
of the flare appears to be too steep for a simple diffusing effect. Here, however, 
we are dealing with a range of energies admitted to a given detector and this 
fact, along with the imperfections of diffusion, may give more nearly a linear 
rate of rise. 

Third, perhaps the most serious and general criticism against the diffusion 
storage mechanism is the fact that occasionally we should expect the inner 
region of the solar system to be filled with solar cosmic rays from a flare 
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occurring on the back side of the sun, as discussed in reference [2]. Certainly 
no events of the magnitude observed in the 1956 flare have been detected 
under these circumstances, but there is increasing evidence for smaller increases 
to be observed (especially using the low energy sensitive neutron monitor) 
when no flares are present on the visible side of the sun. For example, an 
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Fig. 13. — An increase of cosmic ray intensity not associated with an observed solar 
flare. A coincident, but smaller, increase was observed at Sacramento Peak. 


intensity increase of 4.5°% occurred at Climax on 25 May 1955, with a smaller, 
but coincident, increase at Sacramento Peak. The radiation producing this 
increase has a steeper spectrum than the non-solar radiation. The increase 
at Climax is shown in Fig. 13. A search for a solar event at that time has led 
to a negative result. Two additional but larger increases have also been 
observed in the Antarctic. We cannot prove that these increases arise from 
backside solar flares, but this is a reasonable possibility. 


11. — Concluding remarks. 


Even though the solar conditions and the distribution of interplanetary 
fields may differ in detail for each of the five great cosmic flare events, it is 
likely that the dominant mode of propagation in the solar system is the same 
for all five events. If so, this raises the question of why some great flares 
produce cosmic rays and others do not appear to do so. 

There are at least two possibilities: 


1) the onset of the flare with its sudden release of energy from a small 
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volume is fundamentally a non-linear process which may require the attainment 
of special conditions before the particles are accelerated and ejected at cosmic 
ray energies, or 


2) the mode of propagation from the region of production may allow 
particles to reach the earth from great flares at some times but not at other times. 


At present we cannot decide conclusively between these, or other alter- 
natives. 

Although the discussion in this paper has been concerned with physical 
behavior of radiation after production, it is obvious that these studies lead 
us to estimates of important parameters [2] (such as energy densities in the 
flare, energy and composition spectra of the particles at production, etc.) 
concerned with the unsolved problem of particle acceleration at the sun. 


OK OR 


The author is particularly indebted to Dr. D. C. Rose (National Research 
Council, Ottawa, Canada) for permission to use the one minute interval re- 
cording of neutron intensity data at Ottawa. The compilation of data on the 
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INTERVENTI E DISCUSSIONI 


— L. BIERMANN: 


Around a rotating celestial body, which is the seat of a magnetic field, there must 
be a region which rotates as the surface of the star or planet in question. That is to 
say, the interplanetary or interstellar gas in this co-rotating region belongs in a sense 
to the star, in spite of the fact, that it will in general extend far beyond the ordinary 
outer atmosphere; in the case of the sun the corona extends tò approximately five or 
ten solar radii, whereas according to an estimate by Lt sr the co-rotating sphere should 
extend to perhaps the orbit of Mercury. 

In connection with the interpretation of the observation on February 23, 1956, 
it seems suggestive to regard this co-rotating region as the place, where the low energy 
part of the solar « cosmic » radiation has been stored during the first about 8 minutes 
after the outburst. Since the magnetic lines of force must be assumed to close within 
this region, the magnetic field which might have the character of one of the force-free 
models studied by Lijst and ScHLÙTER (Zeits. f. Astrophys., 34, 263 (1954)) should 
well be able to act in this way. 

On the other hand, the work on the comets, referred to in another connection. 
leads also to the conclusion, that the co-rotating sphere around the sun, does not 
extend to the neighbourhood of the earth, since then the comets’ tail should behave 
quite differently than it is observed. 
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1. — General considerations. 


In trying to devise a model to explain the sudden increases of cosmic rays 
observed on the earth following some solar flares, one has to face two major 
difficulties. Firstly, the magnetic fields which one has reason to suppose exist 
in the vicinity of the flare in the chromosphere of the sun and that extend 
out through the corona are of such a strength that one would suppose them to 
maintain the cosmic ray particles in a comparatively small volume and allow 
them to diffuse out only at a very low rate. For the energies of the particles 
and the field strengths in question, one might estimate that Larmor radii might 
range from 50 km in the chromosphere or inner corona to 50000 km at three 
or four solar radii above the surface. One is neither entitled to assume that 
a magnetic path exists that to a sufficient precision links the earth with a 
point near the sun where the cosmic rays were produced, nor is one entitled 
to assume a sufficient rate of drift of particles out of such fields to produce 
an onset that rises to a maximum at the earth within a few minutes. It is 
thus necessary to find a mechanism by which the cosmic rays can be quickly 
liberated or quickly distributed through a large volume near the sun so that 
a magnetic path to the earth is no longer extremely unlikely. 

The second major problem concerns the magnetic fields that must exist at 
distances from the sun as great as or greater than the earth’s distance in order 
to account for the arrival of particles in the late stages of the flare effect from 
all or at any rate a great variety of directions. The magnetic guidance of 
the particles must be such as to allow them to arrive here quickly in the first 
place, but to give later the appearance of being diffused. 
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The first problem we think has to be overcome by the assumption of a 
co-operative propagation mechanism for cosmic rays. Whilst any single part- 
icle might be constrained by the field, it is clear thet there is a limit on the 
constraining force that the fields can exert. At too high a cosmic ray pressure, 
the cosmic ray flux will itself alter the magnetic fields and cause motions of 
the ordinary gas whose currents produce these fields. We suppose that when 
in certain circumstances the total cosmic ray flux exceeds a certain amount, 
the containment of the particles becomes unstable and they can suddenly 
leak out from the front of the region in which they were contained into all 
or a great number of directions. Perhaps this problem is analogous to the 
Taylor instability in hydrodynamics and perhaps the instability leads to 
channels being established in the ordinary gas where gas and the fields that 
it carried are removed to the sides and the pressure replaced by cosmic ray 
particle pressure within. Such channels could be of small diameter, namely 
of the order of magnitude of Larmor radii, and very many of them might 
be set up so that essentially the cosmic rays can now propagate through the 
fields. Such a process would not only explain how the particles get out from 
the strong solar fields, but it would also explain the essential threshold nature 
of the flare effect. All the cosmic ray flare effects that have been seen have 
been very well above the threshold of measurement, and by comparison with 
any other properties of flares, one would have expected a very great number 
of weaker effects that would still have been easily measurable in the same 
interval of time. The absence of this very large number of slightly weaker 
effects certainly requires an explanation in terms of some threshold in the 
phenomenon. We would thus suppose that a great many flares, if not all, 
produce cosmic ray particles, but that only those that produce a sufficient 
total flux to burst through the containing fields can show up on earth as a 
sudden increase in the cosmic ray rate. (There may, of course, be a different 
effect, namely that associated with the small flares which might allow a slow 
diffusion out, and therefore a very gradual contribution to the cosmic ray 
flux.) This instability would tend to allow particles to escape only into a 
hemisphere above the surface of the sun, or even a smaller region, and this 
might account for the absence of any large flare effects from the flares that 
must have occurred on the back of the sun; for there is good reason to identify 
all five observed cosmic ray effects with phenomena on the near side of the sun. 


2. — Idealized cases of cosmie ray propagation. 


We assume a burst of cosmic rays, idealized as a 6 function in time for 
each momentum interval, propagating toward the earth in a Space where a 
general magnetic field pre-exists, with an overall direction sun-earth, diverging 
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away from the sun, and trailing the sun’s rotation. This is discussed again 
in Part ITI. 

The problem now consists in determining the time and the space distri- 
bution of cosmic rays reaching the earth. In order to take one step at a time, 
consider an oversimplified case: the cosmic ray source is an infinite plane, the 
front up to which co-operative propagation has been effective, of intensity 
constant in time (not a d-function now), monoenergetic, and isotropic, 


OOO) tas (i) * 8p sr) 


and that a homogeneous field, H, perpendicular to it, extends from the sun 
to the earth (Fig. 1). Then at the earth the intensity is: 


i(0, 9, t) = I, = constant (0< 7/2) 


because, according to the Liouville 
theorem, any direction for which 6 < 7/2 
is an allowed direction for cosmic rays 
to reach the earth, and, at the source, La D > 

i is independent of 6. Note, however, Fig. 1 — Geometry of the idealized case. 
that: 


EARTH — 


a) To each direction (0, g) with 6 < a/2 at the earth, there corresponds 
a unique point on the source plane. 


b) H being homogeneous, the orbits that connect the earth to the source 
plane terminate all on the plane inside a circle of radius 


pe 
SITI 
Di e (Fa) 


(0 =radius of curvature of a particle moving perpendicularly to the field). 
It follows that the source plane need not be infinite in order to supply at the 
earth orbits with 6 < 2/2, but must only be of dimensions of the order of È 
around the foot of the straightest path sun-earth. A representative value 
for R is (H=10-‘ gauss, pe=5-10° eV, Z=1) R= 3-10! em= 2 solar dia- 
meters. 


c) The pitch angle 0 of the trajectory is a constant along the whole path 
from sun to earth. 


d) The time spent by a particle in going from the source to the earth is 


t D . 
pity Mpa where to LS 8 min. 
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If now cosmic rays are emitted from the same plane but only for a short period, 
which we approximate as a 6-function, their intensity on the earth can be 
found. At the source: 


iG 
(1) i(0, Pi t) dtd Q = 137 = 5 36 


veo) dQ. 

At the zenith angle, 0, on earth the radiation arrives at time # = f,/cos 0, 
with an average intensity which can be obtained by integrating the differential 
intensity i over the finite solid angle 12 of the detector on earth. Neglecting 
effects of the earth’s magnetic field, 


Ji(0, p, t) dQ 
ie AQ) = fa a 


AQ 


Using (1), and setting cos? =u =1/w for the integration, 


Ww 
She 


Jl 
= I (t/t)? after 1 = to, 
— 0) before & = fa; 


this funetion is plotted in Fig. 2. 
In order to interpret the general observations more realistically, the fol- 
lowing features must be considered: 


| 1) The field between sun and earth 

di | is not homogeneous, but of decreasing 
pa | intensity the farther one goes from the 
di | sun. Indeed, this is required by the 
e 4, AB model, for a small area, of solar size, 
È 4 5 3 4 5 * must be connected by lines of force to 
Fig. 2. — Behaviour of the C. R. a much larger area near the earth’s 
intensity in the idealized case. orbit. In this case the large 6’s will be 


missing at the earth, and the intensity 
will decrease faster than in the model of constant A. 


2) Particles of various momenta, pe, can appear on the front of the 
region to which co-operative propagation has been effective at slightly different 
times, and consequently the intensity at the earth may be the sum of many 
curves similar to that of the figure, but slightly displaced in time. 


ont 
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3) In order to evaluate the intensity of cosmic rays observed in the lower 
earth atmosphere, one has to consider that, at ¢ » ty only particles with 
6 ~ 0 arrive on the earth; these particles arrive vertically only in the impact 
zones. Later, 0 increases and the regions that can be hit vertically change 
position on the earth, forming rings that correspond to the impact zones of 
particles arriving at angle 9 from the sun and with various azimuths (at a 
given time cosmic rays arrive from all g°s with the same intensity). 


4) Not all flares give rise to an emitting front, as its formation depends 
on the density of enérgy in the plasma. Nor do all the flares which have an 
emitting front give cosmic rays that invest directly the earth. This happens 
only when there is a magnetic field connecting the front with the earth. The 
last condition probably explains why the few flares observed to produce cosmic 
ray increases on the earth are grouped toward western longitudes on the 
sun; the rotation of the sun favors the formation of fields bent in that 
direction. 


5) The existence of flares with emitting fronts, not magnetically con- 
nected with the earth, can possibly explain the correlation between flares and 
small cosmic ray increases. These flares inject cosmic rays which reach the 
earth only through diffusion; no sharp, high peaks of cosmic ray intensity are 
thus observed. 


3. — The magnetic field between the earth and the sun. 


The cosmic ray evidence during the solar flare events is probably the best 
available for judging the structure of magnetic fields in the earth-sun region. 
In the great flare event of February 23, 1956, there is no doubt that the stream 
of particles first reached the vicinity of the earth from some common direction 
which was, as near as can be judged, that to the sun, whilst the incoming 
particles later, after half an hour, came in, as near as could be judged, iso- 
tropically. This fact alone provides the most definite indication that one has 
at present of the existence of magnetic fields in large regions that are of suf- 
ficient strength to deflect particles coming from the sun at energies of several 
GeV by angles of at least 90° before approaching the earth’s own magnetic 
field. If such fields have the structure of turbulent eddies, each small com- 
pared with the earth-sun distance, and dispersed at sufficient density to account 
for the gradual decay of the cosmic ray intensity after the event, and for the 
isotropic arrival, then such clouds would make it impossible to account for the 
sudden steep onset in the initial phase of the event. It is clearly necessary 
to suppose the fields to be so shaped as not to impede much the initial particles 
that we may assume to have started out in a favorable direction to reach the 
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earth, but at the same time to trap for longer periods of time a sufficient 
portion of the particles to make up the decaying part of the intensity curve. 
Such trapping must occur in a region that contains the sun and the earth; 
it cannot be confined to the neighborhood of the sun, for then the isotropy in 
the late phase could not be accounted for. Simpson et al. have for this pur- 
pose suggested that the field between the earth and the sun is weak enough 
to allow a more or less unimpeded transmission of particles, but that at short 
distance beyond the earth there occurs a magnetic reflecting screen So that 
the particles remain trapped for some time within this screen. It may not 
be necessary, however, to go to a model which is, from the astronomical point 
of view, very artificial, and which requires a high factor in the magnetic 
field strengths between the inner and the outer regions, in the opposite sense 
from that which would be expected, as well as a very particular position of 
the reflecting screen and a high reflectivity of it in order to account for the 
rather simple shape of the intensity time curve. 

We have seen that an elongated field between the sun and the earth would 
not interfere with the initial phase. If this elongated field were, in fact, parallel, 
the shape of the intensity time graph could be accounted for. But no such 
accurate parallelism as would be required can reasonably be assumed. A small 
divergence of the field would rapidly steepen the flat spirals of the trajectories, 
and thereby greatly reduce the number of particles that will arrive with a 
long delay. We therefore propose a model in which elongated tongues of mag- 


Fig. 3.- The shape of a solar magnetic tongue, viewed in the Sun’s meridian plane. 


netic field extend out from the sun to some region beyond the earth, which 
are capable of the rapid transmission as well as the trapping of particles, as 
sketched in Fig. 3. 

An outburst of gas from the sun of the sort that causes magnetic storms. 
on the earth and very likely, in some geometrical conditions, the « Forbush 
decreases » of cosmic rays, must originate from some regions on the sun that. 
contain significant magnetic fields. Whatever the local shape of the fields 
might be at the beginning, they will be drawn out into an elongated tongue. 
In the solar corona, such shapes are frequently recognized and are evidently 
common. No indications appear in any of the visible parts of the solar corona. 
of any turbulent or ill-organized motion, but on the contrary, all shapes seen 
indicate smooth, non-turbulent patterns of flow. Do these rather regular 
patterns that can sometimes be seen out to eight solar radii in fact extend out. 
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to the vicinity of the earth, or must they be expected to break up into tur- 
bulent eddies in between? 

To understand this, it would be necessary to formulate the theorem that 
defines the smallest scale of turbulent eddies in a tenuous magnetized gas. 
The organizing length in a non-magnetic gas would be assumed to be the mean 
free path at the molecular impact velocities that are occurring. Eddies that 
are so small that they are only a few mean free path across would decay very 
rapidly, and therefore below a certain size the transfer of turbulent energy 
by viscosity into heat will occur directly and without the generation of smaller 
eddies. 

In the case of a magnetized gas, a shorter mean free path becomes the orga- 
nizing length in some cases, namely the mean free path measured along the 
particle orbits. For motions normal to the magnetic field, the straight measure 
will thus be of the order of the Larmor radius, whilst it will be the ordinary 
mean free path for motion along the field. The viscous dissipation of an 
arbitrary eddy would thus be impeded by the magnetic field only in some 
directions and not in others, and thus the smallest possible scale of eddies 
of a pattern resembling that of isotropic turbulence is not likely to be much 
diminished by the presence of the field. (This, of course, does not imply that 
smaller patterns may not exist where particular conditions of motions and 
fields are satisfied by which the viscous dissipation is very greatly reduced. 
Presumably somewhat special conditions are required to set up these shapes.) 

As the earth-sun region corresponds to only a small number of mean free 
paths at the gas velocities in question, one may well expect that no general 
turbulence is established by a 
solar stream on this scale. In that 
case, there would be no reason to 
expect any different shapes of the S 
magnetic fields from the type of 
patterns seen in the corona, with 
the exception of the possibility 


that the fields may not be strong SI 
enough to enforce rigid body rot- \ \ 


EARTH 


©) 


ation of such a tongue out to the 
distance of the earth. The tongue 
may thus be bent so that the 


outer part lags behind the inner, Fig. 4. — Distortion of magnetic tongues by 
solar rotation. 


as suggested in Fig. 4. 

The indications from pictures 
of the corona are that tongues like this may exist over a wide range of 
latitude on the sun, but that they are much more common in the equatorial 


regions. At some distance from the sun, the preponderance of equatorial 
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zone tongue should become much enhanced by the centrifugal force. This 
would assist in providing a force to draw out the magnetic field in the equa- 
torial plane, as well as to bend tongues originating at other latitudes toward 
the equatorial plane. It is suggested that this is the reason for the very 
high precision with which, in the 1954 eclipse, the equatorial extensions 
of the corona were found to be aligned. At the earth, effects have also 
been noted which may be explained in terms of a very sharp concentration 
in the equatorial plane. Magnetic storm activity is greatly enhanced at certain 
periods, whick unfortunately cannot be sufficiently sharply defined to make 
the distinction between the equinoxes and the time of crossing the sun’s equa- 
torial plane. No reason has ever been found for ascribing this marked enhan- 
cement to any effect connected with the equinoxes themselves. 

That at the 1956 flare the earth should have. been in such a tongue is made 
more likely by the observation that the effect occurred in the midst of a Forbush 
decrease; for this may be interpreted as the result of the earth’s position in a 
rapidly expanding mass of gas into whose magnetic fields the external cosmic 
ray flux has not yet fully penetrated. 

The propagation of cosmic ray particles liberated at the base of such a 
tongue can be described approximately. In detail it would, of course, be a 
formidable task of orbit calculation. The fact that the field is much elongated 
radially will allow a rapid propagation outwards for all the particles that 
started in approximately the outward direction. The fact that the field is 
diverging will turn particles more nearly in this direction. On the other hand, 
if the field strengths are adequate, the whole tongue can eventually get filled 
with cosmic rays proceeding with widely varying pitch angles relative to the 
field. The process should be approximately represented by the idealized model 
discussed earlier in the paper. The co-operative propagation mechanism that 
must have been present at the time of injection of particles into this « magnetic 
bottle » will have ceased at a later stage, and there is no reason why the 
converging field near the sun should not act as an efficient reflector. The 
« bottle » is then shut except for particles of very steep pitch, and except for 
the drift across the curved parts of the field. There is now no very particular 
position of magnetic screens required to explain the intensity-time curve of 
the phenomenon, for the earth may be placed almost anywhere within this 
tongue and still one could expect to see (i) a rapid initial rise as the region 
filled with cosmic rays initially spiralling with a steep pitch around a line 
from the solar direction, (ii) a later decay with a good approximation to 
isotropy, as the full bottle slowly empties. 
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1. — Introduction. 


The intensity variations at the time of the unusual increases had been 


oie aa a one of the authors as follows 
[1] (Fig. 

1) Acceleration of the particles up to 
the cosmic-ray energies takes place in the 
vicinity of the solar flare. 


2) These particles are first trapped in 
a volume of radius of 0.2~0.4 A.U., then 
emitted from this sphere to the interpla- 
netary space. These particles arrive at 
the earth through a fairly straight line 
and cause the increase at the impact zone. 


3) Another trapping field, which has 
a dimension of the order of several A.U., 
scatter back and store these particles 
for several hours. These scattered back 
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Fig. 1. — The model for the unusual 
increases proposed by SekIDO and 
MURAKAMI [1]. 


particles make the increase in the background and the polar regions. 


At a first glance, the increase of February 23, 1956, seems difficult to 


be explained by the above mentioned model. 


Because: 


170 K. KAWABATA, I. KONDO, K. 


Prompt onset region 


+60° 
x e ar -4--, North 
3 | Euro fipe | i Asta America 
= +30 II Fase 
— He? Gas f . 
~ u, . ‘ x i 
Da 
ry 
c 
a 
[>] 
E 
° 
a 
ta) 


10° 70° 130° 190° 2506 310° 10" 
Geomagnetic Longitude 


Fig. 2. — The observed region of prompt 
onset and the position of the impact zone 
calculated from the orbits. 
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The prompt onset zone (where 
the increase started at about 0345 
U.T.) extends over a fairly wide 
longitudinal region, and this may not 
be explained in terms of the inner 
trapping field (Fig. 2). 

In order to investigate the phe- 
nomena, however, one must consider 
the influence of the electromagnetic 
conditions in the interplanetary space 
at the time of the increase, since the 
cosmic-ray intensity suffered a large 
modulation for a week or two before 
the commencement of the increase. 


This large intensity decrease was a typical example of cosmic-ray storm. 


In the previous paper [2], the authors tried to explain these cosmic-ray storms 


as the results of the modulation of cosmic-ray particles caused directly or 


indirectly by the magnetic clouds 
emitted from the sunspot groups. 
From the fact that the cosmic-ray 
intensity suffered a large decrease 
already before the flare, it is likely 
to suppose that the sunspot groups 
which were responsible for the large 
solar flare of February 23, already 
emitted a number of the magnetic: 
clouds which were permeating in 
the interplanetary space at the time 
of the increase. From the observed 
cosmic-ray variation (Fig. 3), one 
can estimate the scale of the region 
which was occupied by these ma- 
gnetic clouds. As can be seen from 
Fig. 3, the disturbed region might 
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Fig. 3. — The variation of cosmic-ray inten- 
sity and its relation to the central meridian 
passage (C.M.P.) of the sunspost groups and 
the unusual increase (U.I.) of Feb. 23, 1956. 


have a large extension. If one assumes that the sunspots emit these clouds 
in a 45° semiangle cone, with velocities of 400~1000 km/s, the envelope of 
the disturbed region may have a shape as shown in Fig. 4. 

To explain these experimental facts, the following arguments were 


suggested by Brown [3]: 


1) The cosmic-ray particles which travel through the outer region of 
he stream in fairly straight orbits may form the prompt onset zone. 
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2) The cosmic-ray particles which travel through the disturbed region 
suffering many collisions with clouds, may reach the earth from all direct- 
ions at the later time. 


SUN 
-1000km/s 


To test his hypothesis, we calcu- 
lated the intensity variation at the 
earth, assuming a conical shape diffu- 
sing medium which has the apex at 
the sun. It was found from the cal- 
culation, however, that this model does 
not fit with the experimental results 
because, assuming a reasonable aper- Fig. 4. — The envelope of the region 

f occupied by the magnetic clouds emitted 
intensity decays as t ?~t 5! which from the sun, assuming the velocities of 
contradicts the observed value t-* [4]. the cloud to be 400~ 1000 km/s. 

This results suggest that the partic- 
les are diffused out very quickly from the boundary and cannot travel 
through the cone for a large distance (say 1 A.U.) without being scat- 
tered out. 


ture of the cone. one may find that the 


9. — A model for the increase on Feb. 23. 


It was postulated by the authors that the particles which travel through 
the outer region may be injected into the disturbed region from the boundary 
and these particles cause the increase at the prompt onset zone. Also these 
particles are trapped in the disturbed region and scatter back to the earth to 
form the late onset zone. In this case, the intensity maximum at the late 
onset zone will occur when the injection of the particles is almost ended. Or 
in other words, when the number of particles which are injected from 
the boundary and are scattered out 
become the same. 

So if one assumes that the incident 
intensity decreases as exp [— t/t] 
after passing its maximum, the 
intensity at the late onset zone will 
reach its maximum at tar. In 
order to confirm this picture, the 
authors made calculations using the 
following model. 


Fig. d. 1) As the earth lies near the 
The model used in the calculation. boundary (Fig. 4), and at least at 
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the early stage of the increase the injected particles may be confined in a 
region not far from the boundary, the approximation of a infinitely wide plane 
boundary can be used (Fig. 5). 

2) The distance of the earth from the boundary can be estimated from 
Fig. 4 as 0.3~0.5 A.U. 


The calculation was carried out as follows: 
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Fig. 6. — The intensity variations caleul- Fig. 7. — The intensity variations calcul. 
ated from the model for 7 = 20 min. ated from the model for 7 = 40 min 


The results are plotted in Fig. 6 and 7. The asymptotic solution of this 
transfer equation has a form t-?. The case for 7 = 20 min may fit the increase 
on February 23, 1956. 
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3. — Discussion. 


The model presented in the preceding section 
suggests the following points. 


1) By carefully examining the intensity- 
variations for the time intervals which include 
the unusual increases (Fig. 8), it can be sugge- 


INTENSITY 


sted that on each occasion, the earth was 
situated in the disturbed region, regardless 
of the amount of disturbances by the magnetic 
clouds. This leads us to conclude that the 
seattering and the storage of the particles might 


COSMIC-RAY 


have occured by the presence of these clouds. 
earth 


If one assumes xdr 21 in all cases, the 


prompt onset was caused by the particles which 
came directly from the sun, and the late onset 
was caused by the trapped particles. After the Fig. 8. — The intensity varia- 
emission has ceased the trapped particles are tions for the time intervals 
gradually diffused out. The end of the ¢ * decay which include the unusual 
of the intensity depends on the depth of the ae RE fiato 
diffusing medium measured by A. Prom the record. atric. celene 

tific Research Institute, Tokyo. 
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2) The difference in the delay of the 
maximum time at the late onset zone from that 
of the prompt onset zone can be explained by assuming different 7 for different. 
flares and 7 may be determined from the intensity curve of the flare (Fig. 9). 


3) The experimental fact that the prompt onset zone extends to the 
east but not to the west from the impact zone which is calculated from the 
orbits directly connecting the sun and the earth (Fig. 2), would be explained 
by this model, because the boundary is not parallel to the earth’s orbit but: 
facing to the eastern side of the sun. 


4) If the earth is not situated in the disturbed region, the increase may 
be observed only at the impact zone of a narrow longitudinal width, so the 
world wide increase does not occur. This condition may be satisfied when 
the flare occurs at the eastern limb or in the backside of the sun. Also if the 
disturbed region has a too small diffusion m.f.p., the observed increase will 
be smaller for all directions. These facts may explain the rarity of the unusual 


increase. 
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5) The inner trapping field which was assumed before, may not be needed 
in order to explain the width of the prompt onset zone. 


6) From the calculated intensity variation, the following features may 
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Fig. 9. — The intensity curves for the flare and the unusual increases. The data for the 

flares are from ELLison [7,8], ELLISon and Conway [9] and NoTtUKI [10]. The 

data for cosmic ray intensity are from FORBUSH, STINCHCOMB and SCHEIN [11], DOLBEAR 
and ELLior [12], FoRBUSH [13], and Sirrkus [14]. 


be suggested for the shape of the energy spectrum of the particles observed 
at the earth: 


a) The energy spectrum of the particles which falls in the prompt 
onset zone may be less steeper than that at the emission from the sun. 


b) The energy spectrum at the late onset zone is rather similar to 
that at the emission. 


c) The energy spectrum at the decaying portion of the intensity vari- 
ation is steeper than that at the emission. 


7) The diffusion m.f.p. 2 must be comparable to a in order to explain 
the ‘observed intensity variation. This fact rejects the hypothesis that these 


clouds reduce the intensity of the preexisting cosmic ray particles for a long 
time interval [5]. 
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Impact Zones for Solar Cosmic Ray Particles (*). 
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The Enrico Fermi Institute for Nuclear Studies 
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Earlier calculations of sun-earth orbits show that cosmic-ray particles 
coming from the sun arrive at different impact zones on the earth because of 
their deflection in the geomagnetic field. The first zone is at 0900 hours local 
solar time for positively charged particles starting at the geomagnetic equator, 
the next one is at 0300 hours, and further zones are located at 2000 and 
1300 hours. There are an infinite number of such zones, but only the first 
three impact zones are of major importance. The other zones cause the so- 
called « background radiation ». 

For a better understanding of the observations of the flare event on 
February 23, 1956—especially of the observations during the first half hour 
of the cosmic ray increase—the orbit calculations were extended both in 
number of orbits and in their rigidity range [1], using the AVIDAC computer 
of the Argonne National Laboratory, Chicago. 

Together with prior calculated orbits [2, 3] it was possible to determine 
the primary particle rigidities and the relative counting rates at the top of 
the atmosphere for different geomagnetic latitudes and longitudes at the earth, 
under the assumption that the particles, after leaving the sun are deflected 
only by the geomagnetic dipole field. 

The counting rates at the top of the atmosphere depend essentially on the 
allowed opening angles in which particles arrive, on the range of allowed 
rigidities, and on the form of the differential rigidity spectrum at the source. 


(+) Assisted in part by the Office of Scientific Research and the Geophysics Research 
Directorate, Air Force Cambridge Research Center, Air Research and Development 
Command, U.S. Air Foree. 

(*) Permanent adress: Max-Planck-Institut fiir Physik, Gottingen. 
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IMPACT ZONES FOR SOLAR COSMIC 


RAY PARTICLES Vii 


Since the observations were carried out deep within the atmosphere the 
principal contributions from primary particles coming from those arriving within 
30° from the vertical and only orbits with zenith angles smaller than 32° were 
selected. Since the intensity increase was observed also at the geomagnetic 
equator, the particles must have had rigidities exceeding 10 GeV. It seems 
reasonable that the rigidity of the particles was not much above 30 GeV. 
Particles with rigidities below 1 GeV should not be able to contribute to an 
increase at sea level. Therefore, a rigidity range from 1 to 30 GeV was chosen 


in order to compute the counting rates. 


The Chicago cosmic ray measurements [4] gave a differential rigidity 
spectrum proportional to N-* (N=rigidity) near the earth for late times 
during the intensity increase. The source spectrum may have been quite 
steep, and therefore, the calculations of the counting rates were based on a 


rigidity spectrum proportional to N~*. 
The observations indicate that the 
apparent size of the source was not 
very small, and therefore, the solid 
angle of the solar source was selected 
ast + 15° in latitude and + 10° in 


longitude. 

In Fig. 1 the relative counting rates 
at the top of the atmosphere are given 
as a function of the geomagnetic 
longitude or local time, for different 
geomagnetic latitudes. Here it was 
assumed that the position of the sun 
is at the geomagnetic equator and 
that the differential rigidity spectrum 
is a flat spectrum. Even with ‘the 
very large solid angle of the solar 
source there still exist distinct impact 
zones. The magnetic rigidities of par- 
ticles arriving close to the vertical 


Fig. 1. — The calculated counting rates 
expected at the top of the atmosphere as 
a function of the geomagnetic longitude 
or local time for different geomagnetic 
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Fig. 2. - The calculated counting rates expected at 
the top of the atmosphere as function of the geoma- 


genetic longitude or local time for different geomagnetic 

latitudes at the time of the February 1956 flare using 

a differential rigidity spectrum cc(pe/Ze)~®. These results 
are for the Northern hemisphere. 
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Fig. 3. — The counting 
rates at the top of the 
atmosphere (see Fig. 2). 
These results are for the 
Southern hemisphere. 
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IMPACT ZONES FOR SOLAR COSMIC RAY PARTICLES Lo 


are different in different impact zones. For a fixed latitude, particles 
with highest rigidity arrive in the 900 hour zone, whereas particles of 
successively lower rigidity arrive in the 0300 and 2000 hour zones. Particles 
with rigidities very close to the geomagnetic cut-off rigidity at a given latitude 
produce background radiation for that latitude distributed over all geomagnetic 
longitudes. ì 

The position of the sun at the time of flare onset was about 20° south of 
the geomagnetic equator. Fig. 2 and Fig. 3 show the relative counting rates 
at the top of the atmosphere for the northern hemisphere and southern hemi- 
sphere respectively. Here the steep rigidity spectrum was taken into account. 
Since the sun was south of the geomagnetic equator, the 0900 and 0300 impact 
zones merge into one broad impact zone in the northern hemisphere. The 
European and Russian stations were located in this zone, the stations of Chicago 
and Ottawa were located in the spread-out 2000 hour zone and are only able 
to receive particles of low rigidity. In the southern hemisphere the 0900 hour 
zone remains apart while the 0300 and 2000 hour zones merge. Since the 
rigidity spectrum is so steep, most of the radiation is of low rigidity, and 
contributes strongly to the spread-out 2000 hour zone. In this case the counting 
rates are much higher in this zone as compared to the results of the flat 
spectrum (Fig.1) and are of the same order of magnitude as in the 0900-0300 hour 
zone. This is in agreement with the observation that maximum intensities 
for nucleonic component increases in Europe and North American are of the 
same order of magnitude. 

From these results one must conclude that the particles which were the 
first to arrive on the earth during the flare onset on February 23 were those 
of high magnetic rigidity, while those of low rigidity only arrived later, because 
the prompt onset time was observed only in the merged 0900 to 0300 hour 
zone in the northern hemisphere and in the 0900 hour zone in the southern. 
hemisphere. 
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41. — Direct and deflected radiation. 


It may be considered as a matter of fact that Solar Cosmic Radiation (S.C.R.) 
which was recorded as the hitherto observed five big flare effects partially 
entered the earth magnetic field in the direction from the sun, partially from 
widely distributed directions. The first kind of radiation, which may be de- 
fined as « direct fraction » will be received in the so called «impact zones », 
the second kind, the « deflected fraction » by other stations too. 

This firstly was pointed out by SCHLUTER [1] with respect to the flare effects 
between 1942 and 1949 in order to explain that besides stations in the impact 
zones also stations in forbidden zones, especially the polar stations, recorded 
intensity increases in the mentioned cases. Detailed analysis of the same 
events by Frror [2] and SEKIDO and MURAKAMI [3] further confirmed this 
suggestion. 


2. — Isotropy of deflected radiation. 


If there were no distinct local deflection centers in planetary space which 
could act as secondary local sources and therefore no limited secondary 
impact zones could be expressed one has to assume that the stations in solar 
impact zones for some time interval recorded a mixture of derivatives from 
direct and also from irregulary deflected S.C.R. 

With respect to the most important outburst hitherto observed on Feb- 
ruary 23, 1956, it was stated by MEYER, PARKER and Simpson [4] and in- 
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dependently by EHMERT and PFoTzER [5], that the components recorded in 
the decay phase of intensity increase should be attributed to an isotropic 
radiation outside the earth magnetic field. 

This follows from the unique and practically undisturbed time law of intensity 
decrease recorded by all monitoring stations in the decay phase of the event. 


3. — Method of separation of direct and deflected fractions. 


If we consider the isotropy of deflected radiation as true, than for this 
fraction usual Stérmer theory holds. It follows that all stations to which the 
same effective geomagnetic cut-off rigidity can be attributed should have 
recorded the same intensity in the decay phase and vice versa. This offers 
a method to separate direct and deflected fractions in the impact zones. 

For this purpose we have to find out for each station in the impact zone 
an adaquate station outside the impact zone with the same intensity record 
in the decay phase, precisely a station with the same cut-off magnetic 
rigidity. 

If we subtract now the outside-impact-intensity from the impact intensity 
for al! times than tne difference will show the intensity time relation of direct 
radiation. 

With the restriction, that we consider the assumed inner trapping field as 
part of the source we are able to determine evidently the duration of particle 
emission from the source. 


4. — Duration of emission at the source, storage of deflected radiation. 


Fig. 1 shows as example the results of the comparison of neutron counting 
rates in Weissenau [6] and Wellington Harbour [4] resp. Leeds [7] and Chi- 
cago [4]. The first station of each pair is located in the 5 h local time impact 
zone the second outside the impact zone. The practically equal counting 
rates in the decay phase besides may be considered as a criterium that the 
same geomagnetic cut-off is to be attributed to the corresponding stations. 
As according to Stérmers theory the intensity of normal C.R. should be the 
same for each pair of stations, relative intensities AN/N of solar radiation 
measure the intensity of secondary neutrons in the same units N. Time and 
relative intensities both are plotted in a logarithmic scale. 

From the difference of the two records resp. we recognize what is already 
well known that the earliest particles of direct radiation reached the earth 
roughly to the time of maximum development of the flare (BS) Bukiwo 
see further that the flux decreases rapidly at the end of the flare (H, norma) 
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This may be considered as an evident proof, that the emission from the 
source did not exceed the duration of the optical phenomenon of the flare. 


>» logt Ha max Hagnorm. 


Ha max He norm. 


Fig. 1. — Examples for separation of neutron counting-rates attributed to direct and 
deflected fractions of solar C.R. on February 23, 1956. 


It implies further, that the particles which produced the neutrons observed 
in the decay phase of the record on the earth did not only suffer deflection 
with insignificant path prolongation, but indeed were stored for several hours 
in the solar system. 


5. — Estimation of momentum-spectrum. 


As SeEkIDO and MURAKAMI [3] already pointed out, the spectrum of mag- 
netic rigidy of the deflected resp. stored radiation should be much steeper 
than the spectrum of direct radiation. With respect to the production mecha- 
nism the spectrum of the radiation as it escapes from the source is of higher 
principal interest, than that of the deflected fraction. Reckoning the pre- 
sumed inner trapping field [2, 3] as belonging to the source we may assume 
that the distribution of magnetic rigidity of the direct radiation was identical 
with the distribution near the source. 

If now the intensity of direct radiation is known for several stations in 
the impact zones located in different geomagnetic latitudes, than the steepness 
of the magnetic rigidity spectrum approximately may be determined. 
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Assuming that the proton component was predominant we measure 
rigidity by proton momentum p. According to FIROR, SIMPSON and TREI- 
MAN [8] the counting rate of solar protons of the station in geomagnetic lati- 
tude ®,, longitude A;, atmospheric depth v;, may be expressed by 


P,—Ap,)2 
a) AN, = 0;/{@)S®, ©).QAp) ap, 


P;+Ap,/2 


where €; is an apparative constant, f(p) the momentum spectrum of solar 
protons, p; the center value of the recorded momentum band; Ap, the band- 
width for the i-th station depending from the angular width of the source, 
Q;(p) the solid angle of incidence which is filled with allowed trajectories of 
protons of momentum p at the i-th station and S(p, x;) the yield function 
for neutrons produced by solar particles of rigidity p in atmospheric depth #;, 

As the counting rate of neutrons from isotropic normal C.R. N, in this 
connection can be expressed by: 


(2) Nt 


where V; is the latitude factor of neutron intensity at the station i related 
to the intensity at an equator station in the same depth a; the apparative 
constant €; in (1) may be eliminated by combining (1) and (2). 

It is now further established, that the momentum bandwith Ap; covers 
a narrow range of p, so we can write: 
Ti I O 
(3) ANN; = 7 Mp) Sa, Pi) LP) Ap; - 
Writing now the same espression for a station k we find for the proportion 
of relative intensities or (AN,/N;)/{AN;/N;) 


ii AN IN; Vi f(p:) Sw, pi) Qi(p.) Ap: 
wre ANN Vif(p) Sey pa) Q(x) APs 


In our special case we consider only stations in the same impact zone 
within the relatively narrow range of latitudes between 50° and 60°. Therefore 
. it may be allowed to assume that the focussing effect in this latitude region 
may not vary strongly. 

That means 


Ap;/Ap, then exclusively determines the proportion of counting rates petween 
the stations è and k for a flat spectrum (f(p) = const.). (This procedure may 
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be justified by comparing the results of an elaborate calculation of counting 
rates for the flat spectrum by Lust [9] with our approximation). 

We now approximate the momentum spectrum by a power law f(p)~ p~” 
and introduce the yield function according to FONGER (*) 


9 1 5 
(5) S(p:) = Cp,(1 + pi) *in— o 
where C is a constant and p,, = 1.5 GeV/c the threshold momentum for 


neutron production. 
Thus combining (4), and (5) we finally get: 


AN, |N; Zi i + pi)i(1 + pa)} Api 
In {(1 + pa)/(1 + pind} Ave | 


A! =— 

55) ANx|Nx Ve Pi, i + Di 
By comparing now the measured relative intensities of two stations in the 
impact zone we are able to determine a mean y in the energy range p; < p < Pr 
by equation (4). 

p; and px, the central values of momentum for mainly vertical incident 
radiation are to be determined by the position of the sun in the allowed source 
directions for stations è and % in the impact zone. Ap; and Ap, depend from 
the fractions of solid angle AQ,,; resp AQ,, of the real source which cover allowed 
source directions for the stations è and k. 

Therefore we can write approximately 


Api e dP.jd Q AQ , 
Ate OE AO i 


It is now to be seen, that for vertically incident particles this proportion 
becomes nearly independent from the source width 2, because with increasing 
2, gradually AQ,,/AQ.,. > 1 is fullfilled. In our special case this will be 
reeached for angular source diameters between 20° and 30°. These are values 
assumed as reasonable according to the analysis of Frror [2]. If we now con- 
sider this proportion as representative for zenith-angles of incidence inside 
of about 30°, than equation (4’) can be solved for y. 

We now compare the relative intensities of neutrons from direct radiation 
at the 4 stations Stockholm [10] Leeds [8], Géttingen [11] and Weissenau [6], 
located in the impact zone. We use the integral values measured till 4h U.T., 
because the ends of recording intervals coincide at this time. 


(*) This function was derived by FonGER [12] and reproduces the latitude effect 
for the neutron-component of the primary distribution of rigidities of the normal C.R., 
it is valid for atmospheric depths <600 g/em?. We only transformed the original 
function of the argument H (kinetic energy) into the function of argument p. 


a) ot 
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Table I contains the data needed for solving eq. (4’). There we find the 
geomagnetical longitudes A,, and latitude @,, for the different stations in the 
centred dipole system resp. in the excentric dipole system (marked by *), 


TABLE I. — Geomagnetic co-ordinates of four stations in the 5' impact zone; center values 
of momentum p, bandwiths of momentum Ap for vertically incident protons, related to 
angular source diameters of 15° resp. 30° and recorded relative counting rates of neutrons 
produced by direct radiation of February 23, 1956. 


Ap (GeV/c) | | Ape | 

Station NED cr D Cai Sai I p° ae | Aw | 

| Asi N |(GeV/e) ny Mice Vion) COSO A 
| | 15° | 30° | ees | 
ll ori ci es a dd L. a 
Stockholm | 105.5 | 58 | 2.3 | 0.36] 0.66| 56 | 2.7 0:82 oy 733g 

| Leeds 83.5 | 57 |. 2.0 |.0.19 | 0.48 | 54 | 2.5 0.72 663 | 
| Gottingen | 93.7 |52.5| 3.6 | 0.42] 1.00} 50 | 4.5 1.15 —362 | 
Weissenau | 91.5 | 49 | 5.0 | 0.45 | 1.20] 47 | 6.2 1.65. e265 =) 


further the corresponding central values of momentum, momentum widths 
for angular source diameter of 15° resp. 50° and finally the neutron counting 
rates in arbitrary units. The momentum values were determined graphically 
from diagrams of which an example is 
shown by Fig. 2, for Weissenau. These 


Local time of Weissenau 
diagrams were drawn according to inter- 1 dI sa 


3 hours 


3 a È Gey 
polations of allowed source directions ; x 
calculated by Jory [13]. They show the 
allowed source directions related to the 6 
four stations for vertically incident part- Seed Hote 
‘ È 4 AP go A Page 
icles and the corresponding momenta ra ari 
for the centered and the excentric dipole 14 
system together with the position of the 3 
sun relative to the allowed source directions APE 

SES 
(center of the circles). The circles round 40° 6 80° 100° 120° 140° 
the sun correspond to angular source dia- 
Fig. 2. — Directions to a source 


meter of 15° resp. 30°. 
In Table II we inserted the calculated 
values of y corresponding to the different 


ps(As — Ag,) for protons incident ver- 
tically at Weissenau at various local 
times. Further: central values of 


assumptions on source widths and dipole 
systems. 

We first state, that the value of y 
calculated by comparison of the counting 
rates between Stockholm and Géttingen 
resp. Leeds and Géttingen should be the 


rigidities and bandwidths of rigidity 
for angular source diameters of 15° 
resp. 30°, where p is related to the 
centred dipole geomagnetic system 
and p* to the excentric dipole system. 
(Curves are interpolated by using the 
calculation results of Jory). 
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TABLE II. — Exponent y estimated under various assumptions for source width, resp. mag- 
netic dipole location D=angular diameter of the source p in GeV/c for protons. 


- Central dipole Excentric dipole 
Comparison : i ì 
of count. r. 7 y 
of neutr. Dix De or = pi 
between D,=15° | D,= 30° D,=30° 
Stockholm | 
; 2.0= 3.6 3.9 4.5 25 = 4,5 | 3.6 
Gottingen | 
Gottingen 
2.0 3.6 4.7 4.6 2.5 > 4.5 3.6 
Leeds 
Gottingen 
| 3.6 — 5.0 2.3 2.7 4.5 — 6.2 | 3.2 
Weissenau | | 


same. This is the case only for source widths which exceed 15°. We further 
see, that a nearly unique value for the entire momentum intervall is found 
after correction for the excentricity of magnetic dipol location. Thus our 
considerations lead to the result 


ipydp ~~ pa dp & 2.5<p<6 GeV/c, 
for the direct fraction of solar C.R. 


This figure is to be compared with the value y’ estimated independently 
by MEYER, PARKER and SIMPSON [4] and by the author [14] for the deflected 
radiation. 

It was found 

y>6 to 7. 


This difference between y and y’ seems to be a reasonable result as it confirms, 
that the momentum spectrum of the deflected and in interplanetary space 
stored radiation was much steeper than the spectrum of direct radiation. 

A more detailed report will appear in Ann. der Phys, 20 (1957.) 


* ok ook 


The author is indebted to the Deutsche Forschungsgemeinschaft for sup- 


porting the work on C.R.-time variations. 
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The Production of High Energy Particles in Solar Flares. 
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The topology of the magnetic field above a complex sunspot group with 
four components arising from flux tubes protruding thrcugh the photos phere 
from below is examined. It is shown that two neutral points must occur, 
and that the field divides into four topologically distinct systems with a line 
of magnetic force in common which passes through both neutral points. 

The above topology is typical of all intersecting flux tubes. 

Two properties of the field are established: a) without Joule dissipation 
of magnetic energy, magnetohydrostatic equilibrium is impossible when the 
components of the spot are given arbitrary relative displacements or twists ; 
b) during the resulting interpenetration of the flux systems the voltage drop 
down the line of force between the neutral points is proportional to the rate 
of exchange of flux between the systems. 

Relative velocities of order 10 km/s between the components would be 
required in order to explain the production of cosmic ray particles of the 
highest energies. Such motions could arise from transverse or torsional hydro- 
magnetic waves travelling upwards along the flux tubes below the photosphere. 

Such a mechanism is consistent with the point-like nature of a flare at 
its onset, but does not satisfactorily explain the positions of flares relative to 
the components of the spot group. 


1. Introduction. 


MEYER, PARKER and SIMPSON [1] have shown that particles with energies 
up to order 10 GeV were produced in the solar flare of 23 February 1956, all 
the cosmic-rays being produced within half an hour. Of the electromagnetic 
theories of flares, the neutral point theory proposed by GIOVANELLI [2] and 


THE PRODUCTION OF HIGH ENERGY PARTICLES IN SOLAR FLARES 189 


later developed by HoyLE [3], DunGry [4] and Sweer [5], and the Fermi 
mechanism as suggested by PIDDING10N [6] and PARKER [7] offer possible 
explanations of the production of cosmic-rays. 

In the present paper the potentialities of the neutral point mechanism 
are explored in relation to the production of cosmic-rays. The discussion is 
based on the rather restrictive assumption that sunspots arise when flux tubes, 
normally lying below the photosphere are made to protrude through it into 
the chromosphere. 


2. — The topology of the magnetic field above a complex spot. 


Consider a flux tube emerging from the solar surface as in Fig. 1, ignoring 
a possible general field. Below the photosphere the tube has a well-defined 
cylindrical boundary outside which the field vanishes. At higher levels the 
tube splays out and follows roughly the surface. It connects up with similar 
flux systems returning into 
the Sun. The entire field 
in the atmosphere is the- 


: Solar Surface 
refore bounded by a surface È x 


+» of which LXM, PYQ 
in Fig. 1 represent a part. 
Surfaces such as XY in 
Fig. 1 may be introduced Fig. 1. — Emergent flux tube and defining boundary. 
cutting off the flux tubes 

in the Sun’s interior from the field in the atmosphere. A surface 2» is 
thereby defined, of which LX YQ in Fig. 1 represents a part. This surface is 
mapped on to a plane in Fig. 2. It will be referred to as the photosphere, 
and the region above it will be referred to as the atmosphere. A four com- 


Fig. 2. — Typical connectivity of a complex spot in the solar surface. 
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ponent spot group is examined in which magnetic flux emerges from regions A 
and C and returns into the Sun through B and D. Each region has a definite 
boundary, and the remainder of the photosphere is covered by the limiting 
lines of force running in it. When the four regions are connected by these 
lines, at least two points must occur in which two lines intersect (one or both 
of these points may bea at infinity in singular cases). These are the neutral 
points in the magnetic field. Fig. 2 illustrates a type of connectivity; the 
neutral points are N, and N,. The flux from A does not return wholly to 
either B or D but is shared between them. The other regions share their flux 
likewise; thus flux from AI returns to BI and the remainder, from AIT, returns 
to DII, etc. The field in the atmosphere is therefore divided into four separate 
systems I, II, III and IV, the amounts of flux running through each depending 
on the strengths and relative positions of A, B, C and D and on the electric 
currents in the atmosphere. A displacement of the components A and D, 
as a pair, away from the pair B and C tends to transfer flux from systems I 
and IV to systems II and III, while a displacement of A and B from C and D 
transfers flux from systems II and III to systems I and IV. 

The lines of magnetic force which enter the atmosphere from AI return 
into the interior through BI, and the lines from AII return through DII. 
The lines which enter the atmosphere along the boundary between AI and 
ATI cannot return into the interior through either component B or D. They 
must therefore return either to the neutral points N, or N, or through com- 
ponent B. Component B has the same magnetic polarity as A, so that in the 
latter case the lines would first have to pass through neutral points. In general 
there are no neutral points in the system other than N, and N,, hence the 
latter alternative does not occur. Further, the lines in question must all 
return through the same neutral point for, if not, there would be a limiting 
line passing through neither neutral point. These lines of force, together with 


Fig. 3a. — Lines of force in the surfaces separating the four flux systems. 
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Fig. 3b. — Lines of force in the surfaces separating the four flux systems. 


the lines from the other three boundaries (BI, BIIT), (CIII, CIV) and (PII, FIV) 
define four surfaces. These surfaces intersect the photosphere in the four 
lines joining the neutral points in Fig. 2. They divide the atmosphere into 
four regions defined by the flux systems I, II, III and IV, and must therefore 
intersect each other in a single line of force /" passing through the neutral 
points. The field in the atmosphere is therefore of the form illustrated in 
Fig. 3-a and 3-b. 


3. — Application to intersecting flux tubes. 


The above topology must obtain when any two flux tubes, or two distinct 
sections of the same tube, are made to intersect. This can be established by 
taking four surfaces of cross-section across the tubes, one on each side of the 
region of intersection, for both tubes. These surfaces, together with the 
bounding surfaces of the tubes, define a simply-connected surface which can 
be represented on a plane 2. The four surfaces of cross-section are then re- 
presented by the components A, B, C and D in Fig. 2. 


4. — Magnetohydrostatic equilibrium above 2. 


Electric currents must flow in a layer immediately above 2. These will 


normally be restricted to a thin layer of the atmosphere where the available 
mechanical forces are strong enough to support them. They can, for certain 
purposes, therefore be regarded as surface currents in Dis 

Suppose that the field is initially potential above », and consider the effect 
of giving the components A, B, OC and D relative displacements. If the medium 


192 P. A. SWEET 


above £ is a perfect conductor the total flux in each of the regions AI, etc., 
must remain constant. In general the equivalent potential field corresponding 
to the new positions of the components will involve different flux sharing. 
This equivalent potential field is unique; the actual field cannot therefore be 
potential, and electric currents must flow above 2. These exert mechanical 
forces jH sin 0/c on the medium, where 4 is the resultant field strength, 7 is 
the electric current density and 0 is the angle between the two. For definiteness 
the displacements of the components are taken to be of the same order of 
magnitude as the typical linear dimensions L of the system. Hence 


(1) j = O(cH./4aL), 


where H, is a typical field strength. Further, there are no neutral points 
above >, so that H = O(H,), hence 


(2) jH sin 0/¢ = 0(Hî sin 6/4nL). 


In the solar atmosphere above a sunspot the mechanical forces are small 
compared with M4°/47xL. If magnetohydrostatic equilibrium exists then 4 
must be small. The field in the atmosphere then assumes a nearly « force- 
free » configuration, where j is nearly parallel to H. 

In such a system the mapping of CIV, say, on to DIV must, at interior 
points, contain appreciable rotation relative to its original mapping in the 
initial potential field configuration. Since the conductivity is perfect this could 
only be achieved by the right amount of rotation of the material in the flux 
tubes below 2. In general this cannot immediately occur owing to the inertia 
of the material below 2. The required electric currents therefore cannot 
occur immediately along lines of force arising from interior points of any of 
the regions AI, etc. The necessary currents would be required to flow along 
the lines of force in the neighbourhood of the four surfaces separating the 
four flux systems I, II, III and IV. It must therefore converge on the neutral 
points N, and N,: The effect of this on magnetohydrostatie equilibrium at 
these points is considered in the next section. 


5. — Magnetohydrostatic equilibrium at a neutral point. 


Consider a neutral point at which the field vanishes only to the zero order 
in its neighbourhood, but at which an electric current is present. Take rect- 
angular axes N(x, y, 2), then at points near the origin the field is given by 


(3) Hay 


HI 
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where the a,, are constants. The axes can always be orientated so that 


a y —f 
(4) [a,,,] = |—y b x 
p —«@ e 


The condition div H= 0 requires that 


(5) a+b+c=0. 
Hence 
(6) curl (curl HA A) = 2(aa, Bb, ye) . 


In hydrostatic equilibrium 


curl H \H 
47T 


— 
=~] 
— 


— grad P-+ og =0, 


where P is the gas pressure and g is the acceleration of gravity. Consider the 
case of an isothermal atmosphere in which o = wP/RT and where 7 = const. 
On taking the curl of (7) and eliminating grad P between the resulting equa- 
tion and (7), 


(8) curl (curl H/\H) + (curlH\ H)Ag=0. 


lu 
RL 
By hypothesis the first term in (8) is of zero order, and the second term is first 
order. Hence at the origin 

(9) curl (curl H\H)= 0. 

Therefore, from (6) 

(10) NG == BD =e == 0. 

If any two of the quantities (a, b,c) vanish, then the third must also vanish, 
by (5); the neutral point will then be a rotational [8] one. By hypothesis the 
quantities («, 8, y), which are proportional to the components of the electric 


current, do not all vanish, hence at least one of (a, bd, ¢) vanishes. Let it be c, 
then if a40, we have «c=f=0, b=—a and the field can be written 


(11) H= (ax+yy, —ya— ay, 9). 
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If y > a the field is of the rotational type with its neutral line along the 2-axis. 
If y <a it is of the deformation type [8] with a neutral line again along the 
2-Qxis. 

Hence magnetohydrostatic equilibrium is impossible at a deformation 
neutral point which is not on a neutral line, and at which an electric current 
flows. An extension of this theorem to neutral points in neutral surfaces, as 
in the case of N, and N, in Fig. 3, where the field vanishes to the first order, 
shows that equilibrium would be impossible if the electric current had a com- 
ponent perpendicular to Y. In the situation described in the previous section 
the electric currents near N, and N, must have components perpendicular 
to »’; equilibrium is therefore impossible. 

The flux systems must consequently interpenetrate. The extent of the 
interpenetration due to classical diffusion in a conducting medium would be 
negligible during the lifetime of a solar flare. The work of PARKER [9] and 
SWEET [5], however, shows that the rate of interpenetration depends not only 
on the conductivity but also on the inertia of the gas at the neutral points, 
and that it could well be fast enough to effect a significant interpenetration 
during the lifetime of a flare. 


6. — The induced electric intensity in interpenetrating flux systems. 


Suppose the components A, B, C and D are in relative motion. Consider 
the surface S defined by the lines of force entering the atmosphere across 
the boundary (CIII, CIV), as in Fig. 3-b, together with the area CIV. Denote 
by /; the curve which bounds S. Then from Maxwell’s equation 


1 oH 
192, 1D) = — = E 
2) sc CE N 
we have 
(13) [E-as = [en E. ds =i] = as. 
TB 8 S 


Let v be the velocities of points on the moving curve J. Then 


(14) Jar ‘as wi IE AH)-d 


The first term on the R.H.S. of (14) is the rate of change of magnetic flux 
through CIV; the second term vanishes since H is parallel to ds on J’ and 
H=0 in X. Further, since E=0 in Y (strictly E does not vanish exactly, 


THE PRODUCTION OF HIGH ENERGY PARTICLES IN SOLAR FLARES 195 


but it is negligible owing to high conductivity), 


(15) . [Eas = |B-as. 

Hence 

(16) [E- ds = —2 3 (Hx az. 
rT CIV 


(16) expresses the fact that the voltage drop V down I’, passing from N, to N., 
is equal to (1/c) x rate of decrease of flux through CIV, i.e., 


10 
17 pr aE è f9,0 30 
(17) , . abs dz 
CIV 


Suppose now that the velocity of displacement of the components is of 
order v and, through the mechanical weakness at the neutral points established 
in Sect. 5, is able to adjust itself continually to nearly the equivalent potential 
configuration. The rate of decrease of magnetic flux through CIV is then of 
of order vLH,. With L=10° cm and H,=10? gauss, V = O(10‘v)V, where v is 
in cm/s. 

Cosmic ray particles of 10! eV could therefore be produced with velocities v 
of order 10km/s. Horizontal relative velocities of this order of magnitude 
are not normally to be expected among the components of a spot group. The 
author had at first supposed [5] that this difficulty could be overcome if free 
interpenetration were prevented through the maintenance of magnetohydro- 
static equilibrium as the component moved. The energy stored thereby would 
be released when equilibrium finally broke down. The work of Sect. 5 in the 
present paper shows that this might have been achieved if neutral lines were 
present, but would be impossible at neutral points. 

It is not inconceivable that velocities of the right order of magnitude could 
arise from hydromagnetic waves travelling from below the photosphere up- 
wards along the flux tube of one of the components of the spot group. 


7. Gas dynamics near the neutral points. 


These must be studied in order to determine the rate of interpenetration 
of the flux systems for given displacements of the components of the spot 
group. The analysis required seems prohibitive at the present time since the 
process depends on non-linear equations. A dynamical analogy based on the 
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forcing together of two parallel plates [5] indicates that the rate of inter- 
penetration would be high enough to account for the observed cosmic ray 
energies. A more refined analysis by PARKER [9], however, shows that velo- 
cities v of only 0.01 km/s could be expected. A fuller examination of this 
mechanism is required. 


8. — Conclusions. 


A neutral point theory of solar flares might be tenable if sunspots were 
formed from flux tubes protruding through the photosphere. Such a mecha- 
nism is consistent with the point-like nature of a flare at its onset, but does 
not satisfactorily explain the positions of flares relative to the components of 
the spot group. 

As PARKER [9] has pointed out, the conversion of magnetic energy into 
Joule heat and high energy particles at neutral points would be of general 
interest apart from its possible significance for solar flares. 
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A Model for Solar Flare Increases of Cosmic Rays 
Based on Hydromagnetic Turbulence (*). 
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1. Experimental problems concerning solar flare increases. 


This short note is intended to describe qualitatively a mechanism for 
accelerating cosmic ray particles in solar flares. It is intended at this stage 
mainly for discussion purposes since many of the features involved are too 
complicated to be treated in a quantitative way except by rather far-fetched 
approximations. The note is divided into three parts, the first discussing 
certain facts about solar flare increases and raising questions which can be 
answered by experiments. The second part describes a physical picture of the 
solar atmosphere during a flare which produces conditions suitable for cosmic 
ray acceleration. The third part indicates how a selection mechanism may 
be established which accelerates only a small number of particles to high 
energies and how the geometry of the region determines the steepness of the 
energy spectrum. 


1) Why do only certain flares produce cosmic ray increases? The present 
model would indicate that this is not the case. All flares accelerate particles 
to a greater or lesser extent. However, (we hypothesize) the spectrum exponent 
could be so steep as to make the number of high energy cosmic rays practically 
undetectable except with equipment having very high counting rate and, 
therefore, good statistical accuracy. It is proposed, therefore, that experi- 
mentally one might pick up very small increases with equipment having a 
high counting rate, located in the auroral zone at high altitudes. Furthermore, 


(*) This work has been supported in part by the Air Force Office of Scientific Re- 
search under Contract AF No. 18(600)-1038. 
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rocket experiments during solar flares might indicate increases, again at high 
latitudes, whereas the usual sealevel equipment might show no effects. (*) 


2) What is the form of the spectrum of the solar flare particles? Present 
indications are that the spectrum is extremely steep (EHMERT, SEKIDO, 
Simpson), a fact which has to be explained by any acceleration model. Nothing 
is known at present concerning a low energy cut-off or « knee.» for these solar 
flare particles. From our present model one would expect no low energy cut-off 
but this fact again requires experimental verification. 


3) What is the chemical composition of the solar flare cosmic rays? This 
is an important question and cannot be answered at present. It is generally 
assumed that the charge distribution resembles that of the ambient cosmic 
radiation. However, the present model would favor heavy nuclei and protons 
over electrons; we might therefore expect to observe a higher Fe/H ratio than 
in the normal primary radiation. This problem again can be settled by ex- 
periments on the primary radiation during a solar flare. 


2. — Physical picture flare region. 


The physical picture which underlies our cosmic ray acceleration model is 
the following. Above the flare, solar gas is ejected with hypersonic velocities, 
probably in the form of a jet. From aerodynamic experiments (Pai) it is well 
known that between the jet and the ambient gas there exists a transition zone 
in which hydrodynamic turbulence is produced. This turbulence builds up 
rapidly and is fed by the kinetic energy of the jet. It is reasonable to assume 
that the density of the turbulence energy increases, i.e. that the turbulent 
region expands but not rapidly enough to overcome the increase in total tur- 
bulent energy. 


(*) Note added in ; roof. — Short duration increases in cosmic ray intensity follo- 
wing a small solar flare were found by a detector designed to follow very rapid inten- 
sity changes (~ a few seconds). The high counting rate telescope is sensitive to low _ 
energy cosmic rays whose effect would be small at low altitudes. The detector was 
therefore unshielded and flown at 25000 feet near the auroral zone. A 3h flight. was 
made on 9 August 1957. Two 30% increases were observed ar 1349 UT and 1433 UT; 
they lasted for 2 min, 41s and 1 min, 588, respectively. A class 1 west limb flare 
started at 1330 UT, according to data supplied by Dr. W. 0. RoBERTS (Climax, Colo- 
rado). This observation indicates that small solar flares can at times produce short 
increases of low energy cosmic rays which might be missed by low altitude detectors. 

J. DENISSE (Meudon, Paris) has informed us that an unusual radio noise storm fol- 
lowed this particular flare. 
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Now the gas in the corona and beyond is an extremely good conductor 
so that concurrently with the build-up of hydrodynamic turbulence, we have 
a build-up of magnetic turbulence. This leads to equipartition, first in the 
smaller scales of turbulence and gradually 
in the larger scales of turbulence. It is 


x 
not certain that equipartition is reached da bate 
within the short time duration of the flare es 
but it is probable that the magnetic turbu- a COsmier Rey, 
lent energy density must increase expo- cs 

uu 


nentially until the ponderomotive react- 
ions of the magnetic field on the gas 


motion become appreciable (see Fig. 1). Fig. 1. - Schematic diagram showing 
In the buildup of the smaller scales increase of energy densities for non- 
of turbulence which is so important for SI AO 


increasing the magnetic field, an im- 

portant consideration is the production of cosmic rays which acts as an energy 
dissipative factor (since the cosmic rays escape from the system); this should 
speed up the development of the magnetic turbulence since the time scale is 


=“ [energy dissipated per s]-!. 


Once cosmic rays are produced, the process builds up rapidly. In this way 
we can account for the delay of several minutes between the flare and the 
onset of the cosmic ray increase. 


8. — Cosmie ray acceleration (qualitative). 


To accelerate cosmic rays under these conditions, we need a means of 
selecting certain particles to be accelerated since otherwise all of the gas tends 
to become accelerated and, therefore, effectively acts as a dissipation on the 
turbulence and keeps it from building up. The selection mechanism proposed 
is the following. It is reasonable to assume that out of the central jet moving 
with velocity V ~ 10° cm/s particles diffuse into the turbulent region by mag- 
netic field gradients or by scattering (*). Those particles which have a radius 
of curvature 0 = MV/eB greater than some scale distance L can then traverse 
a streamlet of a turbulent element. Each streamlet will carry an electric 
polarization voltage given by (v xb)L. While the gas which moves with velo- 


(*) Since all the particles in the jet have the same speed, the injection mechanism 
favors high atomic masses (i.e. heavy ions) which will then have a larger radius of 
curvature. It discriminates definitely against electrons. 
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city v and produces the polarization is not affected by it, the injected particle 
which crosses (*) the streamlet can be accelerated or decelerated, depending on 
the direction in which it crosses. Since the turbulence and the magnetic 
energy densities are increasing (with reflecting centers in some cases moving 
closer together), the particle will tend to gain energy on the average and will 
try to approach equipartition (see Fig. 1) (*). 

In fact this acceleration mechanism will not persist long enough to allow 
the particle to reach equipartition. Since the turbulent region is small, the 
diffusion of particles out of the region is quite important; for after diffusing 
out of the region, they will no longer be accelerated. Leaking out by diffusion 
is an important process for a high energy particle since its radius of curvature 
is larger; hence the geometry of the turbulent region sets an upper limit to 

the particle energy. Only 


Clow energy pe. 
(hight energy CR) 


those particles which re- 
main a long time, prefer- 
ably by diffusion parallel to 
the jet, can gain much en- 


RD. turbulent transition 
ce region 


Sun Injection ergy. This picture explains 
qualitatively the very steep 
spectrum observed: the 
spectrum exponent as in 
the Morrison-Olbert- Rossi 
picture of galactic 
leration is given by the 
competition between acce- 
leration and diffusion out- 
ward (see Fig. 2). 

From Fig. 2 it is also evident that the emission of particles is generally 
not isotropic, with lower energy particles emitted with larger angles to the 
sun-earth line. This fact may explain the later arrival of lower energy primaries 
(noted by Simpson) in the flare increase of February 1956. 


a 


SIAE 
ca bi energy) 


Fig. 2. — A picture of the turbulent region where 
acceleration takes place. 


escape by i 
Clow energy) 
acce- 


(*) Since the question is often raised whether such voltages would not be short 
circuited by the highly conducting surrounding gas, it should be remarked that the 
polarization will not persist for very long since the plasma outside of the streamlet will 
adjust itself to remove the electric field. However, this takes a certain amount of 
time: the plasma has inertia. These fluctuating electric fields accelerate particles 
which can traverse them rapidly enough. 

(*) The mechanism resembles that of FERMI and that of Swann, but differs in the 
following respects. In the Fermi mechanism L >> 9, so that the particle experiences 
short elastic collisions after drifting for a long time L/V. Here L= o. In the Fermi 
mechanism the magnetic field merely couples the particle with the moving cloud and 
is otherwise not important. Here the field increases on the average so that the particle 
energy is increased by induction also, as in Swann’s mechanism. 
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4 — Conclusions. 


The present model for cosmic ray acceleration in flares is merely a special 
example of the following mechanism: statistical acceleration of charged part- 
icles in a conducting gas where turbulence is increasing; the acceleration being 
due in part to induction, in part to elastic collisions with elements of the gas, 
the whole system tending to equipartition; incorporating a selection mechanism 
which allows only a few particles to be accelerated. 

It seems likely that there are other examples of this mechanism existing. 


(i) Cosmic ray acceleration in the envelopes of supernovae and novae 
(GINZBURG, HAYAKAWA), this mechanism to give energies up to 10! eV for 
protons. It is possible that these spectra (as in the solar case) are quite steep 
and that the familiar y=1.8 exponent expresses the fact that there are 
many more cases with steeper spectra than with flatter ones and is the 
result of superposition. 


(ii) The acceleration of solar low energy protons to auroral energies in 
the auroral zone (SINGER). 


(iii) The production of high velocity particles in the Russian thermo- 
nuclear experiments (ARCIMOVIG), caused by instability and resulting tur- 
bulence as the shockwave collapses near the center of the discharge tube. 
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the Flare of Feb. 23, 1956. 


D. ECKHARTT 
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1. The increase in cosmic ray intensity in connection with the solar flare of 
February 23, 1956, was observed at different places around the earth to have 
started at different times. This means that cosmic ray particles which have 
been produced in the vicinity of the sun must have travelled along orbits of 
different length before reaching the earth. We have investigated the observed 
differences in onset times [1]. After correction for the deflection in the geo- 
magnetic field, it is possible to connect the onset time observed at a particular 
cosmic ray station with certain directions outside the geomagnetic field. A 
relation between the time delays and the directions from which the flare cosmic 
ray particles entered the geomagnetic field, is expected to give some information 
about the electromagnetic state in interplanetary space. 


Tag IL 


In Fig. 1 the deflection of cosmic ray particles in the geomagnetic field is 
visualized. A cosmic ray detector above the atmosphere measures particles 
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from certain directions outside the geomagnetic field which depend upon the 
position of the detector, the angle of incidence at the detector and the mo- 
menta of the cosmic ray particles. We denote these directions outside the 
geomagnetic field as asymptotic directions. Each asymptotic direction is 
defined by two angles. It is convenient to refer to these angles in the geo- 
graphic system of the earth. This is illustrated in Fig. 1 by drawing through 
the centre of the terrestrial globe a line which is parallel to the asymptotic 
direction and intersects the surface of the globe at a point defined by a longi- 
tude and a latitude angle [2]. As seen from Fig. 1, the solid angle of the detec- 
tor outside the geomagnetic field appears as an area, ©,, on the globe. In 
the two-dimensional figures which we are going to present here, we use a 
polar projection of the globe looking upon it in the direction of the north 
pole. 

In this two-dimensional representation, Fig. 2 gives the areas of asymptotic 
directions for a number of ionization chamber stations where the onset times 
have been measured accurately [1]. These areas refer to primary protons of 
momentum 3.5 to 15 GeV/c which arrive at the chosen stations within an 
angle of 32° around the zenith direction. Protons of this momentum range 
are considered to be responsible for the observed increase in cosmic ray in- 
tensity at the chosen stations [3]. It can be shown that, when increasing the 
zenith angle of impact from 32° to 60°, the corresponding areas of asymptotic 
directions should be enlarged by an amount corresponding to about 10° for 
a station near the geomagnetic pole, and to about 15° for a station lying above 
50° geomagnetic latitude [1]. 

The directions towards the sun at the beginning of the flare are indicated 
py the dotted line figures at the top of Fig. 2 and 3. The solar cosmic ray source 
is assumed to have an angular diameter of 15° and 30° resp. Those stations 
for which the areas of asymptotic 
directions cover these dotted line FREIBURG. 3° 
regions, lie inside one of FrRoR’s 
impact zones [4]. | GLEE BS AMSTERDAM 

The observed onset times are 
written next to the name of each 
station. In Fig. 2, those stations 
are shown which measured the HI. 
increase to have started after 34 a 
U.T. From the connection between 
onset times and asymptotic di- 


SUN 


. 0° 
rections the following conclusions È Sa 
can be drawn. So) SS i 

Asymptotic directions close to CHRISTCHURCH_373- 


the direction towards the sun are Hig. 2; 
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connected with earlier onset times than those pointing away from the sun. 
Asymptotic directions lying in the equatorial plane are connected with earlier 
onset times than those pointing perpendicular to it. It should be pointed out 
that Hobart and Christchurch, which measured the earliest and latest onset 
times resp., have their areas of asymp- 
totic directions lying very close to 
each other. 

The connection between onset times 
and asymptotic directions does not 
show a symmetrical distribution with 
respect to the direction towards the sun. 
There are stations inside the impact zo- 
nes, like Halle and Amsterdam, which 
observed relatively late onset times. 
On the other hand, Hobart, lying com- 
pletely outside the impact zones, 

Fig. 3. measured one of the earliest onset 
times. 

The earliest onset times seem to be connected with asymptotic directions 
that point somewhat to the left with respect to the direction towards the sun 
in our figures. This conclusion is supported when looking upon Fig. 3 where 
we show the asymptotic direction for stations with onset times earlier than 
oot DI 

These results indicate that those particles which arrived first at the earth 
did not travel along straight lines from the sun. This proves the existence 
of deflecting fields between the sun and the earth. 

On February 25, two days after the flare increase, a heavy magnetic storm 
was registered [5]. According to ALFVEN [6], magnetic storms are caused by 
the electric field set up in a beam of ionized gas which is emitted from the sun. 
The solar magnetic field lines within such a beam should be dragged outwards 
from the sun. Outside the beam there should be an inflow of magnetic flux 
towards the sun. 

We assume that the magnetic storm of February 25, was caused by such 
a beam. The 27-day recurrences of high values of 
the daily K,-sums following this event and lasting AR 
for several solar rotations, gives strong support to 
the assumption that this beam was already present 
when the solar flare occurred on February 23. On 


the other hand, the relatively long time delay (3 
between the flare cosmic ray increase and the “s 7, > x CAS 
magnetic storm, together with the relative posi- 509 He0.23| 2 \ 


tions of the beam and the flare on the sun, as Fig. 4. 
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seen from Fig. 4, makes a connection between the two events very impro- 
bable. 

Comparing Fig. 4 with Fig. 2 and 3, it is seen that the asymptotic directions 
of earliest onset times point towards this beam. We suggest, therefore, that 
the earliest cosmic ray particles escaped from the vicinity of the sun through 
the regions inside the beam where they follow the dragged-out field lines [7]. 
We assume that there exist small regions containing disordered magnetic fields 
besides the rather regular fields of Alfvén’s model, especially in the transition 
regions near the edge of the beam. These irregularities in the magnetic field 
scatter the cosmic ray particles out of the beam. They enter the geomagnetic 
field from directions pointing towards the beam. 

The quantitative treatment of a model based on these ideas will be pre- 
sented in the evening session. The calculated onset times show, at least, the 
same trend as the observed ones show. 


2. I have shown that the first solar flare cosmic ray particles arriving at 
the earth do not seem to have travelled along straight lines from the sun to 
the earth. On the other hand, the registration of a magnetic storm two days 
after the flare increase followed by recur- 
rent occurrences of high values for K,, 
during several periods of solar rotation, 
suggests the presence of a solar beam, as 
is shown in Fig. 4. It is expected that 
the magnetic fields within such a beam 
should have a decisive influence upon the 
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propagation of the flare cosmic ray par- | 
ticles through interplanetary space. Ro) 
We have made an attempt to explain Fig. 5. 


the observed differences in onset times 

by adapting the concepts of the general solar magnetic field suggested by 
ALFVEN [7] to the particular situation around February 23. In our model, 
similar configurations of magnetic fields within and outside the beam are used, 
for which calculated cosmic ray orbits have just been presented by Prof.. 
ALFVEN. 

Going into details, we assume that the solar flare cosmic ray particles cannot 
escape from the vicinity of the sun until they have entered the beam. This 
takes place during a negligibly short time. Within the beam the cosmic ray 
particles travel along the dragged-out magnetic field lines. We assume that 
near the edge of the beam there exist small regions containing disordered mag 
netic fields and probably originating from irregularities in the flow pattern 
of the gaseous stream. These regions of disordered magnetic fields scatter the 
cosmic ray particles out of the beam. We are interested in those particles 
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the velocity vectors of which lie in the ecliptic plane after they have been 


scattered out from the beam. 


=— SUN 


p=15 GeV/c 


FRONT OF 
THE BEAM Da 


-6 
H=19:10 gauss 


used here is somewhatlower than in Alfvén’s 


outflow and inflow of magnetic flux within 
respectively was presumed. 

In the idealized orbits of Fig. 5 and 6, 
if it would take place at one point. In realit 
gradually when passing through the 
regions of disordered magnetic fields. 
The difference in length between the 
real orbit and the idealized one is pro- 
bably of the order of the sum of the 
diameters of all the scattering regions 
which the particle has to pass in order 
to be deflected by 90°, that means, to 
be scattered out from the beam. This 
difference in length is small compared 
to the total length of the orbit pro- 
vided that certain conditions are ful- 
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filled concerning the diameter and the o 
magnetic field of each individual scat- et 
tering region. For example, near '° 
the orbit of the earth and in the 9 


equatorial region, the magnetic field 
within the beam can reach a value of 
50-10-* G [7]. If the diameter of a 


The magnetic field outside the beam which 


is perpendicular to the ecliptic 
plane, determines the further 
part of their orbits. This is 
illustrated in Fig. 5. The first 
part of the orbit lies in a meri- 
dional plane at the edge of the 
beam and has the shape of a 
magnetic field-line within the 
beam. 

The second part of the orbit 
lies in the ecliptic plane and 
can be graphically determined. 
Fig. 6 gives some examples of 
these constructed orbits. The 
value of the magnetic field at 
the earth’s orbit which we have 

model where equilibrium between 
the beam and outside the beam, 


we have treated the scattering as 
y the particle changes its direction 
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scattering region is around one hundredth of the breadth of the beam and 
its magnetic field three times larger than within the beam, a cosmic ray particle 


of 10 GeV/c needs about one minute to be deflected by 90°. 


We have constructed a number of orbits for different momentum values in 
the range 3 to 15 GeV/c. After dividing the total length of the orbit from the 
sun to the earth by the velocity of light we arrive at a time-table, which gives 
a relation between the times of flight from the sun and the longitude of impact 
on the earth in the ecliptic plane. This is shown in Fig. 7. It is seen that there 
exists 2 minimum value of the times of flight which happens to lie in the 
direction towards the sun. This is a particularity of the relative positions 
of the beam and the earth. 

Now, Fig. 2 and 3 are combined with Fig. 7: for each station and for each 
momentum value the longitude angles of those asymptotic directions are de- 
termined which lie in the ecliptic plane. By means of Fig. 7, these asymptotic 
directions are connected with certain values of the time of flight. The shortest 
time of flight for all momentum values gives the onset time for a particular 
station. A comparison between the observed onset times and the calculated 
ones is given in the Table I. The relative time scale of Fig. 7 is adjusted to the 
absolute one using the onset time observed at Sverdlovsk as a reference, be- 
cause our model predicts the shortest distance from the sun for this station. 


TABLE I. 
| Calculated onset time 
Observed | 
onset Particle orbit follows Particle orbit lies completely 
S i | . > . . . . 
Bee times | magnetic field lines | in the ecliptic plane 
(UD) inside the beam 
Straight beam | Straight beam | Curved beam 
- Fa = 
Sverdlovsk . . | 340 340 (*) | g40 (*) g40 (*) 
Moscow .. - Be See ll di 341 341 
Mahar os! IU ae 341 342 
YMA goo 5 | ae ayes ae Dai 
Freiburg. «3 |. 0341-38 | 355 ae ay 
Cape Schmidt. | ae ay da dea 
Amsterdam. . | (34 — 34 343 348 342 
Rio oa ano | a | hee a Dia 
Cheltenham . | Di | _ SITA, 34: (+) 
Christehurch FARE ae 3} 3 aye oe 
(*) The relative time scale has been adjusted to the absolute one. 
(+) No asymptotic direction for arrival lies in the ecliptic plane inside the range of allowed 
impact longitudes of the model. For an angle « between an asymptotic direction and the ecliptic 
plane, the time of flight has been enlarged by a factor (1 + tg a). 
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Three different cases have been considered. The first one is that just 
described. In case 2 the orbit lies completely in the ecliptic plane, which 
means, that within the beam the cosmic ray particles move along radius vectors 
from the sun. Case 3 is similar to case 2 but a curved beam has been 
used. 

As mentioned above, the accuracy of the calculated onset times is one to 
two minutes. As seen from the Table the model gives the same large difference 
in onset times between Hobart and Christchurch as was observed. It fails to 
explain the relatively late onset time observed at Halle. 

As seen from Fig. 6, in this strongly simplified model only a limited range 
of longitudes on the earth is allowed for cosmic ray particles coming directly 
from the beam. The occurance of moderate geomagnetic disturbances during 
the days preceding February 23, suggests the presence of an other beam on 
the opposite side of the earth. Evidently this beam did not have the same 
properties of guiding the cosmic ray particles from the sun to the earth, but 
may reflect the particles which have been emitted from the first beam. 
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Electro-Magnetic State of Interplanetary Space. 


H. ALFVEN 


The Royal Institute of Technology - Stockholm 


For the understanding of the time variations of Cosmic Radiation it is 
essential to have a model of the magnetic field in interplanetary space. 

The first model which was proposed was the dipole model, according to 
which the interplanetary field is an extension of a solar dipole field. This 
model was used by JANossy [1] and VALLARTA [2] in order to explain the 
low energy cut-off in Cosmic Radiation. This effect, however, requires a mag- 
netic field which is much more regular than we could possibly assume (ALFVEN 
[15] and KANE, SHANLEY and WHEELER [16] and it is now obvious that 
another explanation must be found for the absense of low-energy particles. 

Davis [3] and MEYER, PARKER and Simpson [4] have proposed a model 
according to which there is a field-free cavity around the sun out to beyond 
the earth’s orbit. EHMERT [5] has suggested that a fairly homogeneous galactic 
magnetic field is of decisive importance even inside the earth’s orbit. The 

results by ECKHARTT [6] 


and VENKATESAN [7] demon- 22 
strate in a convincing way |; ST 
the difficulties associated = "7 

0,! se ~ 


with both of these models. fe DIS —— 
I shall here discuss a 
tentative model which is = = 


essentially a dipole field, i 3 
modified by storm-producing SSR) 
Fig. 1. beams emitted from the sun. oa 


The model is similar to a 
model independently proposed by Gop [8]. The properties of the model 
have been discussed earlier [9]. Compare Fig. 1 and 2. The model is 
reconcilable with the following phenomena, which any model of the interpla- 
netary magnetic field must take account of: 
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1) The visual structure of the corona. This has been shown by GoLp. 


2) The 27-day variation. This has just been discussed by VENKATESAN. 


3) The flare effect. As ECKHARTT has shown the first particles from the 
flare of February 23, 1956, reached the earth not from the direction of the 
sun but from other directions which are reconcilable with the model. The 
essentially radial field of the model explains why the particles often but not 
always seem to come from the sun, as shown by Frror and others [10]. 


4) The diurnal variation. The results from different stations are still 
somewhat conflicting probably in part due to the differences in the measuring 
equipments. Investigations by SANDSTROM [11] seem to indicate that there 
is a possibility to reconcile the empirical results with our model, but the field 
calls for further investigations. 


5) Magnetic storms and aurorae. The model gives the electric field 
which is essential in the theory of magnetic storms and aurorae [12]. 


6) The generation of Cosmic Radiation. The model generates Cosmic 
Radiation, especially during years of decreasing solar activity [13]. During 
years of increasing solar activity it decelerates Cosmie Radiation in a way 


e which is reconcilable with the 

THE EARTH IS SITUATED AT S DUI : ; 

THE EDGE OF THE BEAM long-time variation in Cosmic 
Radiation. 

ann y It should be stressed that our 

700 2007” tentative model aims to demon- 


strate only the general type of 
fleld which is likely to be present. 
in interplanetary space. Of course 
the beams are usually not so sym- 
metrical as in the figures. More- 
over, during years of low solar 
activity the field is somewhat more 
similar to a dipole field, whereas it 
Fig. 3. is more extended when the solar 
activity is high. The limit bet- 
ween the blown-up solar field and a galactic field—or I should prefer to call it a. 
trapping field—occurs normally outside the earth’s orbit. During the extreme 
minimum of solar activity 1952-1954, the limit may have receded to inside 
the earth’s orbit, which may explain a series of unusual phenomena during 
these years. 
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A few hundred Cosmic Ray orbits in the field of this model have been 
calculated by BLOCK [14]. A few samples of these are shown in Fig. 3. It is 
hoped that the discussion of a number of characteristic orbits will give a good 
survey of possible Cosmic Ray phenomena in interplanetary space. 
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Courte discussion des observations radio-astronomiques 
associées a l’éjection de matière du soleil. 


J. F. DENISSE 


Observatoire de Paris 


On décrit deux aspects de l’activité solaire qui se manifestent par des 
émissions radioélectriques très intenses et dont les propriétés ont été pré- 
cisées par des observations effectuées avec le Grand Interféromètre de N ancy 
qui permet d’obtenir une définition angulaire de l’ordre de la minute d’are 
sur la longueur d’onde 177 em [1]. 


1. — Emission du type IV. Généralement associés aux éruptions chromo- 
sphériques, on a caractérisé jusqu'à présent deux types de sursauts, le sursaut 
isolé (burst type II) et le grand sursaut (outburst type ITI) dont les propriétés 
sont bien connues. Miss Dopson avait signalé [3] que certains sursauts de 
type III (major ou minor +) paraissaient dédoublés. A. BorscHoT [2] a pu 
caractériser sans ambiguité ce double comme un type d’émission nouveau 
(type IV), toujours associé è une éruption optique. Sur la longueur d’onde 
de 177 cm, ce sursaut se manifeste souvent quelques dizaines de minutes apres 
Péruption optique et peut durer de une 4 plusieurs heures. L’émission est 
plus intense que la plupart de celles qui se manifestent dans d’autres circon- 
stances. La région émissive occupe une très vaste étendue de la couronne 
qui peut dépasser 10’ dare. L’altitude de la région émissive peut atteindre 
plusieurs rayons solaires. 

Le rayonnement émis se caractérise principalement par une remarquable 
Stabilité; il est complétement dépourvu de sursauts brefs (type I) qui accom- 
pagnent les orages radioélectriques; il est completement polarisé circulairement. 

Seules quelques éruptions (une dizaine en un an pour 2 heures d’obser- 
vation journaliéres) présentent une émission de type IV. 

Etant donné sa très grande intensité, il est exclu que cette émission soit 
d’origine thermique; d’autre part sa stabilité indique qu’elle n’est'sans doute 
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pas émise par un processus d’oscillations macroscopiques du type oscillations 
de plasma; Vorigine la plus probable semble étre une émission par rayon- 
nement synchrotron d’électrons de haute énergie. 


2.- A la suite d'une année complète d’observations, on a pu préciser cer- 
taines propriétés des sources des orages radioélectriques (enhanced radiation) [4] 
qui représentent une forme d’activité du soleil assez permanente plus ou moins 
associée aux taches solaires. 


Diamétre apparent: quelques minutes d’are. 
Altitude (sur 2=177 em): 300 a 400000 km. 
Durée de vie maximum: une semaine. 


Tl est très difficile de rattacher sans ambiguité ces centres d’émission aux 
taches solaires optiques: en particulier, leurs changements de position d’un 
jour A autre ne correspondent pas a un mouvement de rotation uniforme. 
Aucun type de tache optique ne parait plus particulicrement susceptible d’étre 
associé A un centre radio. Ces centres ne présentent pas de récurrence à 27 jours. 
Leur passage au méridien central du Soleil s’accompagne en moyenne quelques 
jours après d’une recrudescence d’activité géomagnétiques. 

Une propriété parait particulicrement importante: plusieurs centres ap- 
paraissent souvent en méme temps avec de longitudes héliographiques très 
différentes; cette propriété qui n’a pas d’équivalence en optique fait apparaitre 
ces émissions comme une forme de l’activité solaire entièrement nouvelle. 
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Solar Activity and Cosmic Radiation (*). 


D. H. MENZEL 
Harvard College Observatory - Cambridge, Mass. 


Nine years ago, W. W. SALISBURY and I [1] suggested that the sun might 
be responsible for the softer component of cosmic radiation. We further noted 
that an extremely low-frequency electromagnetic radiation, whose existence 
we had detected and which we supposed to be of solar origin, might cause the 
cosmic radiation. E. MCMILLAN [2] examined our theory in detail and showed 
that it was at least tenable. 

After ten years, some modifications of the original concept are necessary. 
A short-time periodic fluctuation of the fundamental spot field seems un- 
reasonable. These fields, however, extend into the solar chromosphere and 
corona, where they play an important role in controlling the form and flow 
of the ionized gas. Observations of solar activity reveal the existence of occa- 
sional shock waves, sometimes associated with solar flares, which undoubtedly 
cause rapid changes in the magnetic field, with consequent production of an 
electric field, in accord with Maxwell’s equations. 

The electromagnetic radiation resulting from such a process will consist 
of pulses or damped oscillations rather than uniform waves as postulated in 
the original theory. This change of view is not a major one, however, since 
the charged particle was supposed to receive its acceleration during just one- 
half of a cycle, riding the wave crest in a manner that may graphically be 
described as « surf boarding ». And, in this respect, a single pulse is just as 
effective aS a succession of them. 

Most workers have taken for granted that the solar cosmic rays originate 
simultaneously with the H, flare phenomenon. Since the rays tend to arrive 
some minutes after the flare, and since there is no obvious method of origin, 


(*) This research was supported in part by the Air Force Cambridge Research 
Center, Geophysics Research Directorate, through Contract AF19(604)-146 with Harvard 
University. 
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the argument for simultaneous production, at best, depends on circumstantial 
evidence. Indeed, scientists have had to postulate the existence of inter- 
planetary magnetic fields, to account for the delay. Such fields are by no 
means improbable. But the lack of observed simultaneity allows us to con- 
sider an origin related to but later than the visual flare itself. 

Solar observations coupled with theoretical considerations give some insight 
into the physical nature of a flare. BIERMANN [3] has noted that the intense 
magnetic field of a sunspot tends to inhibit the normal convection arising 
from the ionization of hydrogen in surface layers. Hence, as KROOK, MENZEL, 
and WILD [4, 5] have shown, the decreased radiation from the spot itself re- 
quires a compensating enhancement of convection in the layers immediately 
around the spot. At lower levels and higher densities, the convective flow 
is subsonic, but the speed increases as the disturbance moves into regions of 
lower and lower density, until it finally becomes supersonic. At the higher 
altitudes some of the kinetic energy goes toward heating the corona, which 
attains a temperature in the range from 1000000 to 5000000 °K. The ve- 
locity of sound in ionized hydrogen, the dominating constituent of the solar 
atmosphere, is 


FTRT 
(ì) w= Vy ) 


where y is the ratio of specific heats and m the mean atomic mass, which 
corresponds to an atomic weight of 3 for ionized hydrogen. With y= 3, 
and T7=2-106, as a representative value, we have 


vs = 2.3-107 em/s = 230 km/s. 


Although the observed speeds of most prominences fall below this figure, 
occasional jets or surges have been observed with speeds well above this mark. 
A few violent ejections have velocities in excess of 100 km/s. Even higher 
speeds have been inferred from radio observations. However—and this is 
the significant point—as violent as the flares are, the energies of the individual 
atoms are small. The production of cosmic rays requires some physical process 
capable of imparting high energy to a few atoms. This sort of process can 
occur only in regions of relatively low density. The low-level coronal or flare 
regions, which contain from 10° to 1011 protons per cubic centimeter, do not 
appear likely places for a process of this sort to occur. 

Evidence from the coronagraph, supplementing that from eclipses, strongly 
indicates that the corona consists of a series of « petals », broad at the base 
and tapering to a point at high levels. The term «petal» is used to describe 
the appearance of a region whose true shape must—if its extension in the 
third dimension is comparable to that in the other two—somewhat resemble 


216 D. H. MENZEL 


a lamp chimney or a bottle with gracefully curved sides. The exact shape 
will depend upon the pattern of the surface disturbance, which sends pulsing 
jets of gas into the volume. 

This activity spins out the lines of magnetic force, compressing them toward 
the outer boundary and «combing» them into long streamers extending 
radially from the sun. At a given height above the solar surface we may expect 
the gas pressure, p,, and H, the magnetic field, to be governed by an equation 
of the form: 

Ps + H?/8x = const. 


The gas pressure is lowest, therefore, in regions where the field intensity is 
greatest. 
Motion picture records of flare and coronal activity provide confirmation 
of the above model. (*) In one specific example, a low-level flare observed in H_ 
is invisible in the coronal line, 5303, of thirteen-times ionized iron. Never- 
theless, subsequent coronal pictures clearly show what appears to be a shock 
wave, spreading out from the initial flare with a speed of some 300 km pea 
second. The force of the explosion expands the elastic magnetic shell, further 
compressing the lnes*of force in the boundary zones. As the bottleneck 
expands, the magnetic lines of force, as revealed by the ionized matter clinging 
to them, wave back and forth with a whip-like action. 
Fig. 1 symbolizes the electromagnetic features of the model. A and A’ 
represent the bottle-shaped regions of high gas pressure and weak field, and 
B the boundary regions where the gas 
density is low and the field strong. 
B Now suppose that a flare occurs within 
the region A, distorting it progressively 
as the shock wave speeds upward. 
The compression of the lines of force 
within B induces a sort of « betatron » 
action on the ions within the region. 
I have sometimes called this phenome- 
non the « watermelon seed effect », be- 
di [\ cause the materials tends to squirt out 


- like a watermelon seed pinched between 
Waite, Wh 


the fingers. This model here proposed 
resembles one independently suggested 
by Krook, who has noted that a magnetic disturbance progressing through 
the gas could accelerate the ionized gas just ahead of the moving field. 


(*) The Author showed during the session a motion picture film of solar activity, 
from records taken at Sacramento Peak Observatory. 
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At high densities the forces are of magnetohydrodynamie character. The 
slight outward divergence and the progressive constriction of the field force 
the accelerated particles outward, something like toothpaste squeezed from a 
tube. As the wave moves into the upper corona, it takes on the character of 
an ordinary electromagnetic pulse and thus bears some sort of resemblance 
to waves discussed by SALISBURY and MENZEL. 
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Ascending prominences in the outer corona often reach velocities above 
600 km/s, which is 3 times the thermal velocity of coronal protons. It is hardly 
imaginable that such prominences move through the corona. Because of the 
high viscosity of coronal matter [1] and because of the fact, that ascending 
prominences mostly show a positive acceleration it seems much more probable 
that prominences and the surrounding corona are lifted together by the same 
force. Also Dunn’s coronal film taken at Sacramento Peak observatory gives 
some evidence in this direction. 

There can be no doubt, that the acceleration force is of magnetie nature. 
It can be assumed that these forces originate in magnetic disturbances which 
are transported into the corona by magnetized volumes of chromospheric 
matter (surges) which act on the induction currents in the Surrounding co- 
rona [2]. 

Under such circumstances the coronal density below regions with expanding 
velocities exceeding sensibly the thermal velocity of coronal protons will show 
for simple hydrodynamic reasons a considerable decrease in density, thus 
forming a kind of hollow cavity. According to the Shape of prominences these 
cavities seem to have the form of bubbles. From theoretical considerations 
however a more filamentary shape of the cavities is to be expected. 

Such low density cavities represent very favorable conditions for the acce- 
leration of cosmic ray particles, conditions which do not exist in the undisturbed 
corona because of high density of electrons, and in the interplanetary space 
because of unsufficient variation of magnetic flux. 

It can be shown that only densities of a few electrons cm-3 are allowed 
in order to avoid a disturbing reaction of the accelerated charges on the 
primary field. A potential difference of 10° to 101° volts along the inner wall 
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of the coronal cavity is obtained without difficulty by inserting plausible values 
for the magnetic field and the dimensions of the current system. 

This type of meehanism has the advantage to explain in a natural way 
the observed delay between the beginning of the flare and the terrestrial onset 
of the cosmic ray burst. It explains also more easily why cosmic ray particles 
can leave the magnetic field of the associated active region of the sun and 
why even particles in connection with flares close to the solar limb can reach 
the earth. 
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Latitude Effect of Solar Cosmic Radiation on February 23, 1956 
with Respect to the Problem 
of Effective Geomagnetic Coordinate System (*). 
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Max-Planck-Institut fiir Physik der Stratosphdre - Weissenau 


1. — Problem. 


In recent papers the problem of effective geomagnetic co-ordinate system 
for Cosmic Radiation has been discussed by SIMPSON et al. and ROSE et ai. [1, 2]. 

It was stated that measurements of minimum intensity of the low ener- 
getic nuclear component near the geomagnetic equator and studies of geo- 
magnetic effects of the «-particles [3] and the heavier components [4] seem 
to indicate that the conventional geomagnetic co-ordinate system is improper 
for applying to cosmic ray phenomena. 

By analysis of the available data Simpsox et al. and Rose et al. [1, 2 
concluded that the effective geomagnetie equator plane could be explained by 
a westward shift of the inclined magnetic dipole of the earth by about 40°—50°, 
whereas the inclination of the dipole axis towards the rotational axis of the 
earth should be retained. 


2. — Latitude effect of solar cosmic ray in the decay-phase of the outburst 
on February 23, 1956. 


If such remarkable discrepancies arise by considering the latitude effect 
of normal cosmic radiation with respect to the conventional geomagnetic co-or- 
dinate system they should be much more Striking for particles with a steeper 
spectrum of magnetic rigidity than for the normal cosmic radiation. 


(*) A more detailed report appeared in Mitteilungen a. d. Max-Planck-Institut 
fiir Physik der Stratosphdre Weissenau, no. 9, 1956. 
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As now has been stated independently by MEYER, PARKER and SIMPSON [5] 
and by the author [6] the differential spectrum of magnetic rigidity, which 
could be attributed to the additional radiation from solar flare on February 23, 
1956, is to be described by a power law of the shape 


f(p)dp— p”, 


with y between 6 to 7 and p,= magnetic rigidity, measured in GeV/Ze. As 
we restrict ourselves to the proton component which is assumed to be predom- 
inant p may be understood as proton momentum. 

This holds for the decay phase of solar particle intensity observed at the 
top of the atmosphere. It has been derived under the assumption, that the 
directions of motion of the incoming particles were isotropically distributed 
before entering the earth’s magnetic field. i 

This is a consequence of the undisturbed monotone decrease of intensity, 
which seems to have been a world-wide behaviour of the solar cosmic radiation 
in the end phase of the flare effect. 

According to EHMERT and PFOTZER [7] the intensity of the measured secon- 
dary component at the earth surface in the decay phase of the flare effect de- 
creases with an inverse time square-law. So if we define (AN, @,, t) as the 
fraction of the considered secondary component at a station 7 in geomagnetic 
latitude ®; at time t, which can be attributed to solar cosmic radiation we 
can write 


(1) AN (®,, t) = C(P,)t- , 


where t= 0 is fixed to 330" U.T. and C; is a chararacteristic constant for the 


station è. 
It follows from (1) that the latitude factor Ve between a station 7 and 
a standard station 0, which may be defined by: 


¢ AW. Ci 


is independent of time. Similarly we define the latitude factor of normal 


cosmic rays by 


(3) N 


where N, , resp. N,,, are the intensities of the considered secondary component 


of normal cosmic radiation at the stations 7 and 0 reduced to a normalized 
depth @«, (g/cm?). 
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If the stations are located in atmospheric depths 7; resp. 7 we can write 


(4) Non = N; exp L(x; I €n)/L1] 
and 
(5) AN;,= AN; exp [(®;— &,)/Ly] 


a.8.0., where LZ, is the absorption length of the measured component of normal 
cosmic radiation and L, the absorption length of the solar fraction. Writing the 
Same expressions for the station 0 and combining (2), (3), (4), (5) one gets 
from measured relative intensities and known qualities the latitude factor of 
the solar fraction, 


AN, JAN 
© (5 /t) Tee 


(e; =) (Li Pe nl | == i for L, # Ly 
LL, bee Vi, for 1, — 0, 


As we assume, that the solar radiation in the decay phase was isotropic, 
Stérmer’s theory holds and it is to be expected that plotting V** versus the 
cut-off rigidity p, of the different stations the points more or less close should 
fit in a unique trend. But this would be the case only if we calculate the 


cut-off rigidities in the appropriate effective system. 


3 — Latitude effect of solar C.R. related to different dipol:-orientations. 


What is now the appropriate effective system? In Table I we find the 
geographic co-ordinates of different stations, where the low energetic nuclear 
component was recorded. (This component is to be preferred because its 
intensity excess was impressively higher than that of the observed charged 
components and secondly because it is related to primary particles by a unique 
yield function). 

Further we find there the geomagnetic co-ordinates in the conventional 
system of centred dipole (2, = 290°.9 E is the geographic longitude, where the 
centred dipole axis in northern hemisphere points the earth surface) and in 
two other systems, where the tilted dipole axis is shifted westward by angles 
of 15° resp. 45°, without changing its inclination towards the rotational axis 
of the earth (A, = 275° E, resp. 245° E). 

We state, that according to the analysis of the Chicago and Ottawa groups 
the « effective system » for cosmic ray phenomena should be represented by 
the system correlated to 7 = 245° E. 

In Table II we find the values of cut-off rigidities related to protons only 
and measured as proton-momentum in GeV/c. In the first column for each 
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TABLE I. — Geomagnetic coordinates for neutron monitoring stations in three systems, 
related to various dipole orientations. 
| ean eg | oa Convent. | CR eff.? | 
Station | boro cane | system | He ae Sa RE Zig 
° 3 > | Ap = 290°.9 E Ay = 245° E 
sea level |(g¢/em?)|——— - 0 ee SS 
| | ACHE p° 1° E OS IE D° (nl 0) p° 
Sa ee a n eee ate a eee 
Stockholm | 0 11030 | 18 59 105 57.3 | 120 55 142 49.6 
Leeds | 0 | 1030 | 358 53. | 84 57 | 98 53 | 125 47.5 | 
Ottawa | 0 | 1030 | 284 45 354 56.8) 01.5 56.3 | 48.7 53.7 
i Durham | 0 1030 | 289 42 0 54 18.5 53 52 49.7 
Chicago | 240 | 1000 | 272 42 | 338 53 0 53 | 30 O 
Gottingen | 275 | 1000 | 10 | 51.5} 93.7 52.3 | 109 50 | 134.8 44.2 | 
Weissenau | 445 ot5:l 96] 47.8) 91.5 49 107 46.5 | 133.2 40.5 
/ Climax | 3610 | 645 | 254 | 39 319 48 334 49.7| 12 50.3 
Wellingt H. 0 | 1030 | 175 — 4l 253 — 45.6 | 273 — 43.3 | 296 — 36.4 | 
Berkely 100 (*)| 1180 | 238 |. 38 |300 44 | 316 47 | 353 49.5 
| Albuquerque 1575 860 | 254 | 35.5/318 43 | 334 46 13 47 
Sacram. P. 3210 680 | 255 RISE 42 | 336 43.5 | 357 44.3 
| Mexiko C. 2490 760 | 261 | 19.5 | 327 29 | 344 3009 30.5 | 
Norikura 2800 725 | IST pl 36.1] 203 5.4 | 218 27 | 244 31.6 
Huancayo 13600 645 | 258 | — 12 354 | — 1 |-10.5|— 1 39 |—3.6 
(*) +160 light material 


TABLE II. — Cut-off rigidities (proton momenta) for neutron monitoring stations in the con- 
ventional and in two westward shifted systems; pi, and pi in GeV/c; Ap,, in percent of Pix 


(+) Upper fizure relate. to the S.6-mer cone, the lower one to tha main cone. 


Ay = 290°.9 E Ay = 275° E do = 245° E le | le | 

Station = - | Se —| 

Pi | Apn%| Par Pia | Api2%| Pia Pis |APis%| PÎ | Vio Vin | 

Stockholm 1.17|-+18.1| 1.38! 1.62|+17.0| 1.90] 2.62/+14 | 3.00|3.10| 3.13| 

Leeds 1.30, +22.4 | 1.59] 1.96|+20.0 | 2.35) 3.09)+15 3.55 | 2.81 2.84 | 

Ottawa 1402215 1.69! 1.40|4+20.9 | 1.68| 1.84/+21 DA SO O 

Durham 178 | ce Sree 2134 198 2617.96) 52.345) 2,62 +16 3.00 3.18) 3.21 | 

| Chicago 1.98 | 412.9 |~ 2.23) 1.98413.6.| 2.25) 1.94 jt 15 2.24|2.93| 2.93 | 

Gottingen 2.09; +14.9°| 2.40} 2.56 4. TY |), PRN) Bitsy} CR 4.50 | 2.38 2.36 | 

Weissenau 2.761 +11.9 | 3.08| -3.36}+12.0 | 3.76] 5.004 7 5.35 | 2.13 2.10 | 

Climax | 2.96:| = 9.25) 3.24) 2.58) -+ 15.1 9.71 | 2.46 |+ 9.5)! 2.70 | 2.76 2.32 | 

| Wellingt. H.| 3.58|—11.6 | 3.16| 4.18|— 6.14) 3.92], 6.30|— 6.2) 5.90|2.17| 2.20 

Berkeley } 395) 2 1.8 |) 4.20 |ad-24)) 1.05) 3.28) 2.644 6.1 2.66 | 1.63 1.85 | 

Albuquerque | 4.24/+ 4.2 | 4.44) 8.45/+ 4.0 | 3.60) 3.24/+ 8.2] 3.50/1.88] 1.70, 

Sacram. P. 4.50|+ 3.6 | 4.66} 4.10/+ 4.7 | 4.380] 3.90 + 6.3) 4.16) 1.83 Teo) 

Mexiko C. 8.70|+ 0.8 8.75| 8.20/+ 2.6 | 8.40] 8.20/+ 2.5 8.4 | 0.54) 0.24 | 

(MALO UIASAN LOR LOSS LOS 10.4 | | 

Norikura 10.0 |+ 6.9 | 10.7 9.304 4.6 | 9.70) 7.8 (+ 7.4) 8.4!10.20|—0.11 | 
(Gj) | 250 BAK}. | ANIL 12.0 | 10.0 | 10.7 

Huancayo | 14.9 |— Sem eG 9 17.98) 18.7 14:9" [> 7.8) 13.8 | 0 | — 0.44 | 
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System there is inscribed the cut-off momentum for a centered dipole field, the 
second column shows the corrections for the excentric dipole location, according 
to the magnetic survey of VESTINE and LANGE [8] with respect to the epoch 
1945, the third column gives the corrected momentum for the excentric dipole 
in the different systems. Finally lg V* and lg V** are inscribed in the 
last column, where V; is related to 
oe the assumption L, = L,, and V** to 
L,= 140 g/cm? and LZ, = 100 g/em?. 
The foregoing is then straightfor- 
ward. We only need to find out in which 
of the three systems (the conventional, 
the presumably effective system or in 
a System intermediate between the 
two extreme locations of the dipole) the 
V**_ p; plot shows the closest trend 
of points. 
Plotting the points in a logarithmic 


Stockh, 
0 


A 0= 290.9 E 
L=100 g/cm* 
Excentr Dipole 


Gevé scale we get the results of Fig. 1 for 
i} CSTE 02 the conventional system corrected for 
Fig. 1. — log V7" — log p, plot rela- excentricity of dipole location. (For L, 
ted to the conventional geomagnetic — we assumed 140 g/em?, for L, according 


co-ordinate system but corrected for 
excentricity of magnetic dipole location 


(Ly Fa Li). 


to the result of a balloon flight with a 
neutron recording apparatus, reported 
by MEYER, PARKER and SIMPSON [5] 
we introduced 100 g/em?). For Mexico- 
City and Norikura in low latitudes the open circles correspond to the Stòrmer 
forbidden cone, the full circles to the main (allowed) cone. The effective loca- 
tion may be assumed between the two extreme cases. The main cone is decisive for 
the equator station Huancayo and the Stérmer cone for the remaining stations. 

It is to be seen, that the points in the conventional System show a fairly 
good unique and close trend. The drawn curves are calculated, assuming a 
pover law f(p)dp~ p”, with y= 6 and y= 6.5 resp. and using the yield 
funetion for the neutron component according to FONGER [9]. 

But if one considers the location of the points for Leeds, Chicago, Ottawa 
and Stockholm, and assumes, that they deviate in a systematical manner from 
the close trend, than indeed for this stations a westward shift of the co-or- 
dinate system would improve the picture. 

But considering Fig. 2, where the points are plotted in the « presumable 
effective » system we observe a very pronounced splitting up of the trend. The two 
plots are related to L, = 140 g/cm?, L,= 100 g/cm? and L,= DL, = 140 g/em? 
respectively in order to see what may be the influence of different assumptions 
for the absorption length of the neutron component related to solar cosmic rays. 


po 
fa’ > 
, 
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In any case this system does not seem to be appropriate for solar cosmic 
radiation if the assumption of isotropy in the decay phase is approximately 
correct. 


D 
3 e N MW Stockh, 


Leeds 
Sciam 
Gott. 


x Gott. 
Wellingt. 
e 


5 Weiss. Weiss. ee Wellingt 


e Socram 


1 
Mex. cN 
Ag =245 E REAL 
L2= 100 g/cm Mex. C. 7\® L,=140 gkm o- == 
0 Excentr, Dipole Excentr. Dipole Nortk, 


Norik, O0--—@ 


Huancayo Ne 
GeV/c 


Huancayo 


152 3 4 SreG a7 Oe 70) A120 15) 
Fig. 2. — log V%, resp. log V7* — log p; plot in a geomagnetic co-ordinate system where 


the tilted dipole is shifted 45° westward. (Effective dipole system for normal CR?). 


At first sight Fig. 3 seems to indicate that the trend is closest for the 
westward shift of 15° and for Z,=L,. But there are strong objections against 
this assumption. Firstly there are decisive deviations of the points of Berkeley 


5,982 3 eS 67 Om NO 215 


A 92275 le Mex.C. > *@ 


. -_-® 
L= 100 g/cm? 
L,=140g cm? : 2 gfe i 

i Excentr Dipole Excentr. Dipole Nork. Xe 

| Huancayo 
-j 1 

Same 3 4 
Fig. 3. — log Vi, — resp. log V** —log p; plot in a geomagnetic co-ordinate system 


where the tilted dipole is shifted 15° westward. 
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and Albuquerque, which cannot be explained by quite different recording con- 
ditions with respect to other stations. Secondly neighbouring stations at moun- 
tain hights and at sea level show distinctly different percentage increases. 
This could not be if ZL, = Z,. So we have to exclude L,= Ly. And if we assume 
the most probable value for L,= 100 g/em? one recognizes that the points for 
Climax, Berkeley, Albuquerque and Sacramento in Western USA in every case 
follow distinctly a close trend which distinguishes itself clearly from trends 
of the remaining points. 


4. — Conclusions. 


According to the results of our considerations we state, that the best ap- 
proximation to a unique mean trend of points for solar cosmic rays is reached if 
we use the conventional geomagnetic system as base and apply corrections for 
excentric dipole location. Though the points for some european and american 
stations are better aligned in the intermediate westward shifted System, there 
are observed at least two different trends. 

If further measurements of the normal cosmic radiation latitude cut-off 
finally should confirm that a westward shifted System is more suitable to 
explain the data one would be obliged to assume that the solar cosmic rays 
in the decay phase of the event were not distributed isotropically. But as we 
used time independent data based on the world-wide unique time law of in- 
tensity decrease, the splitting up of the trend in the westward shifted systems 
could only be explained by assuming that a special anisotropic distribution 
of deflecting centers rotates rigidly with the earth. 

As till now no reason is known for such a behaviour we conclude that the 
influencies on cosmic ray particle trajectories cannot be described in details 
in terms of a simple dipole model alone. 

Though the measured intensities in the conventional « excentric dipole » 
system fit clearly better in a unique trend than in the westward shifted systems 
also in this case discrepancies between the data of the eastern american stations 
and the european stations cannot be overseen. 

It seems to us that the discrepancies cannot at all be entirely eliminated 
by choosing an adequate location and orientation only of one field producing 
dipole because they inherently may arise on account of the very deviations of 
the effective field from a dipole field and its Symmetry qualities. 
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1. — Introduction. 


The cosmic ray disturbance following the solar flare of 23 February 1956 
showed, after an initial phase exhibiting strong impact zone phenomena, a 
long period during which the earth may be considered to have been in an 
isotropic « atmosphere » of cosmic particles. The extent of the region occupied 
by this atmosphere, and the details of the constraint by which it was contained, 
are matters about which there is not yet agreement, but it is common ground 
that the density of particles diminished with time by a leakage process and 
that the more energetic particles were the first to leak away. The rigidity 
spectrum of the particles over a period of many hours after flare-activity had 
ceased was such that the response of neutron monitors at sea-level exhibited 
a very strong latitude effect in the middle latitudes, and this feature provides 
a further powerful approach to the problems which have already been revealed 
by other methods of the relationship of the effective geomagnetic field, as it 
controls particle trajectories near the earth, with the conventional dipole field 
(C.D.F.) deduced from surface m -asurements. It will be recognized that this 
approach arose only in a preliminary way for the event of 1956, and that at 
Subsequent flare disturbances a considerably wider and more effective cover 
of stations will be in operation. 

In this note we examine the response during this second phase of neutron 
monitors as reported from two groups of stations, one in eastern North Ame- 
rica and the other in Western Europe. These are characterised by a rela- 
tively close grouping of stations in regions between which there is clear evi- 
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dence of a discrepancy in the conventional geomagnetic description. They 
also eontain stations which differ in altitude by an amount which is small 
in terms of the attenuation length of the nucleonic component in the atmo- 
sphere and for which, therefore, any uncertainty as to the appropriate value 
of this attenuation coefficient for flare particles is not important. 


2. — Ratios of proportional increase. 


In Table I, we summarize the proportional increase AN/N, as a function 
of time at Leeds and Chicago which, in the grouping of stations already referred 
to are those, one from each group, in which the proportional increases are 
most closely similar. The fourth column of the Table, and see also Fig. 1, gives 
the ratio of proportional increases at the two stations, (AN/N),.. /(AN/N,) 
and shows that over the fifteen hours 
0500-2000 U.T. this ratio remains con- 


Chicago 


stant within the limits set by the sta- 30 Relief di 
tistical uncertainty of the measured PERLA 
counts. It is not useful to continue eet oaks ppi 3A 
this comparison after 2000 h U.T., for 

20 Detail, Vertical Scale x 10 


not only is it for any part of this 
period statistically much weaker, but 
the increases are becoming sensitive to 
the precise assumptions made about 
the variation of the background inten- 
sity N. The records over a period of 
days around the time of the flare event 
leave little doubt that N, is in fact 0 
increasing during the period covered 
de Aa 
Table N, has been “assumed _ to “be ray dine recorded by Boa moni- 
increasing linearly as indicated at the tors at Leeds and Chicago. 

foot of Table I. This assumption is i 

not so strongly established, however, 

as to be of value under conditions where its application amounts to more 
than a small correction. It is the uniformity of this ratio of proportional 
increases over a period of more than twelve hours that provides direct evidence 
of the effective isotropy of the atmosphere of cosmic particles giving rise to 
the second phase of the flare records. Analyses corresponding to that of 
Table I have been made between all stations lying within each of the geogra- 
phical groups already referred to: these are summarized in Table II. 


0406 0800 1200 1600 hU/. 
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TABLE I. — Proportional increase at Leeds and at Chicago [1], 23 February, 1956. 


Ape eo, (AN/No)reeas | (AN/No)oneo | (AN/No)tees/(AN/No)cneso 
(hh UT.) 
0400 - 0415 35.47 19.79 1.79 + 0.01 
0415 - 0430 29.94 19.70 | 1.063 + 0.007 
0430 - 0445 | 13.75 16.47 | 0.835 + 0.006 
0445 - 0500 9.73 12.90 0.754 + 0.007 
0500 - 0515 7.25 10.02 0.724 + 0.007 
0515 - 05380 5.68 8.01 0.710 + 0.008 
0530 - 0600 4.27 5.94 0.718 + 0.006 
0600 - 0700 2.67 3.76 0.708 + 0.006 
0700 - 0800 1.61 2.19 0.734 + 0.008 
| 0800 - 1000 0.85 1.19 0.719 + 0.009 

1000 - 1400 0.345 0.476 0.725 + 0.013 
1400 - 2000 00112 0.150 0.745 + 0.03 

N, (Leeds)= 3152/15 min at 0000 h on 23-2-56, rising to 3309/15 min at. 0200 h on 24-2-56. 

No (Chicago) = 5199/15 min at 0000 h on 23-2-56, rising to 5381/15 min at 0200 h on 24-2-56. 


TaBLR II. — Relative values of the proportional increase for the second phase of activity. 
Reference Second | Relative propor- 
station station tional increase 
Leeds (Chicago) (1.395 + 0.009) 
Gronigen [3] 0.65 (*) 
Gottingen [4] 0.403 + 0.008 
Weissenau [5] 0.250 + 0.008 
Chicago (Leeds) (0.718 + 0.005) 
Durham (N. H.) [6] 1.48 + 0.05 
Ottawa [7] 1.83 + 0.027 
(*) Based on one time only (0720 h U.T.). 


3. — Relative proportional increases as functions of geomagnetic co-ordinates. 


In Fig. 2 (4,6) the relative proportional increases listed in Table II 
are plotted against the C.D.F. geomagnetic latitudes of the stations as deri- 
ved from the data of VESTINE, LAPORTE and LANGE [2]. Among them- 
selves, the data for each geographic region are not inconsistent, the propor- 
tional increase being relatively larger at the higher geomagnetic latitudes. 
It is apparent that actual values of latitudes are displaced as between the two 
groups however, and both curves indicate that the effective difference of mag- 
netic latitude between Leeds and Chicago is rather more than one degree, 
Chicago being in the higher latitude. This result is in general accord with other 
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data (WADDINGTON [8]) on limiting particle trajectories as between North 
America and Western Europe, and leads to a rather precise evaluation of the 
difference between these two regions. 


Relative American Stations Relative  EUTOPLAN “ations 
Proportional Proportional 
.q|/ncrease Increase 
19 rall Wate 
Ottawa [ 
16 
rol- 
13 Durham(N.H.) 
0 6,- 
1-0 Chicago 
Gottingen 
0-7 si Leeds 02 Weissenau 
L 1 Al me a 
ISTE] 50-52: S47 06198 
C.D.F Degrees North C.D.F Degrees North 
Fig. 2a. — Ratios of relative responses Fig. 2b. — Ratios of relative responses 
for the European stations as a function for the American stations as a function 
of C.D.F. geomagnetic latitude. of C.D.F. geomagnetic latitude. 


The second-order approximation in which the centred dipole is replaced 
by one located eccentrically has long been recognized: in recent years variations 
in this approximation from the model originally proposed have been made 
in an attempt to fit more accurately particular features of the cosmic ray data. 
The tendency has been for this improved fit of restricted data to be gained 
at the expense of accurate representation of other features. For the relatively 
small geographic regions we discuss here, it is not helpful to initiate any new va- 
riant of this model, but we note one or two points arising from existing proposals. 

From a world-wide study of neutron-monitor data for the 1956 event, 
PFOTZER [9] has concluded that the overall best fit is obtained using and ec- 
centric dipole model in which the pole is located at (275° E, 78°.5 N) with 
the magnetic centre lying at a distance from the centre of the earth of 0.0087 
of the earth’s radius in the direction (243° E, 8° N). Our emphasis has been 
placed rather differently, for we have drawn attention to restricted geogra- 
phical regions in which quite precise evaluations of the relative proportional 
responses have been shown to be obtainable. Among our stations three—Chi- 
cago, Durham (N.H.), Leeds—are placed on the Pfotzer model in the same 
latitude. The relative values of the proportional increases at these stations, 
which are respectively 1.00, 1.48 and 0.72 must then be interpreted as a lon- 
gitude effect (AE = 0° (Chicago), 18°.5 (Durham), 98° (Leeds)), with a large 
amplitude and with a maximum which must be placed in longitude 20°-40° E. 
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At the proposed latitude (53°) so large a longitude effect is extremely difficult 
to accept, while the model further indicates a longitude maximum well to 
the west of that indicated above. 

It has been supposed that deviations between the magnetic field which best 
describes the surface situation and that which determines the motion of field- 
Sensitive cosmic ray particles are probably to be related to the rotation of the 
inclined terrestrial dipole in the surrounding conducting medium. 

At the present time further experimental data are essential for any de- 
tailed analysis of this behaviour, and we draw attention to the relevance of 
comparisons such as that made in Table I. 

1) The constancy of the ratio of proportional increases shown in the 
Table indicates that over short times the latitude difference between the two 
well-separated stations does not change by amounts greater than of the 
order 0°.1. While a comparison of our result with the conclusions at other 
times from work by different methods [8, 10, 11] suggests that there is long- 
term stability to within perhaps 1°, it seems likely that stability between suc- 
cessive flare events, which may happen against very different background 
conditions, will be tested to much closer limits. 

2) It seems likely to be some considerable time before cosmic ray equi- 
valents of latitude are made over more than a very few regions. A comparison 
of the type of that in Table I over the relatively closely spaced stations in, 
for example, Western Europe, may be expected to allow lines of constant 
proportional response to be drawn. The 1956 data suggest that these lines 
are not greatly inclined to those of the conventional field, but with an increased 
number of stations more precise conclusions will become possible. 
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SECTION B: Geomagnetic Effects. 


New Changes in the Low-Energy Particle Cut-Off 
and Spectrum of the Primary Cosmic Radiation (*). 


P. MEYER and J. A. SIMPSON 


Enrico Fermi Institute for Nuclear Studies 
The University of Chicago - Chicago, Ill. 


At the time of the Guanajuato Conference on Cosmic Radiation we have 
reported some experiments that showed that the primary cosmic ray energy 
spectrum as well as the low energy cut-off are not permanent features of the 
cosmic radiation but undergo remarkable changes with time [1]. The rapid 
changes in these properties of the primary radiation—rapid compared to ga- 
lactic time scales—let us conclude that the mechanism responsible for the low 
energy cut-off is operating within or in the vicinity of the solar system. It 
was suggested at that time that the observed phenomena may be solar con- 
trolled and related to the activity cycle of the sun. In order to settle the 
question whether solar activity is the dominating factor for the observed 
changes we have extended the experiment of 1954 and have carried out ad- 
ditional measurements in the fall of 1956, when the level of solar activity had 
again appreciably increased [2]. 

The information on the changes in spectrum and cut-off was obtained by 
measuring the nucleonic component intensity as a function of geomagnetic 
latitude at high altitude. In each measurement a neutron monitor was in- 
stalled in an aircraft and carried between approximately 40° and 60° N geo- 
magnetic latitude. All data were collected along identical paths and for the 
same atmospheric depth, namely 22.5 cm Hg (30000 ft pressure altitude). 
Hence, the results obtained in the years 1948, 1951, 1954 and 1956 are directly 


comparable. 


(*) Assisted in part by the Office of Scientific Research and the Geophysics Re- 
search Directorate, Air Force Cambridge Research Center, Air Research and Develop- 
ment Command, U.S. Air Force, 
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curves for 1948 and 1954 at 80° West longitude 4 
and 310 g/em? atmospheric depth. Since NEHER [3] could show 


with the help of balloon-borne 
equipment that the cut-off in 1954 occured at much higher geomagnetic 
latitudes than we observed, we conclude that the presence of a knee in our 
1954 curve is due to atmospheric absorption at aircraft altitudes. 

The corresponding latitude curve for 1956 is shown in Fig. 2 and the 1954 
curve has been included as a dashed line. Further changes in the slopes, in 
the position of the knee, and in the intensity of the low energy particles can 
clearly seen and it can be noted 


that the direction of the chan- Normalization of 1954and 1956 
“+ =-426000 


ges has reversed be since 1954. 
A more detailed analysis 
of the slopes of the latitude 
curves reveals the changes of 900 
the primary spectrum within 
the rigidity range from ~1 GeV 800 
to 4.4 GeV. If we represent the | 
primary differential spectrum 
of 1948 by the power law ce 
j= C/(p/Z)’, with y=2, accor- 
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} Fig. 2. — The nucleonie component latitude curves 
ding to WINCKLER, than we for 1956 at 80° West longitude "and 310 g/em? 
obtain for the exponent of the atmospheric depth. For comparison the 80° W 
1954 spectrum 2.7 Vand latitude curve for 1954 is shown as a dashed line. 
for 1956 an exponent y = 2.5. 

These spectra are drawn in Fig. 3. A summary of the changes in the 
latitude curves for the years 1948 through 1956 is given in Fig. 4. All the 


latitude curves were normalized at the plateau in order to clearly show the 
relative motion of the knee, 
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From these results we are again 
led to the conclusion that the cut-off 
mechanism is solar controlled and must 
operate within or near the solar system. 
We also conclude that solar activity 
is the dominating factor in producing 
the cut-off, the changes in the primary 
spectrum, and the total 
intensity of the primary particles. 
There exists a close correlation between 
these properties of the primary cosmic 
radiation and the 11 years activity 
cycle of the sun (Fig. 5). Obviously, 
the changes in intensity are the same 
effect that was originally discovered 
by FoRBUSH [4]. 

Experiments that were carried out 
over the past few years indicate that 
we are dealing with the modulation 
of pre-existent galactic cosmic radiation. 
Specific 
the experimental evidence have been 
proposed recently by Morrison [5] 
and PARKER [6]. These models use the 


changes in 


mechanisms to account for 
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spectrum for 1956 deduced from the lati- 
tude intensity measurements shown in 


Fig. 1 and 2. 


If we assume that the 


differential spectrum in 1948 was repre- 
sented by j=O/(p/Z)’, with y=2, then 
the 1956 spectrum requires y=2.5. 


diffusion of cosmic ray particles through disordered interplanetary magnetic 
fields of solar origin. Parker’s model in particular would be able to account 
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for variations with a period 
as long as 11 years. Any of 
these modulating mecha- 
nisms depress the density of 
the prevailing galactic cos- 
mic radiation in the vici- 
nity of the earth and one 
is therefore led to the con- 
clusion that the only time 


Fig. 4.- The nucleonic compo- 
nent latitude curves for 1948, 
1954 and 1956 arbitrarily nor- 
magnitude of the shifts in the 


low rigidity cut-off of the cosmicfray spectrum. 
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an observer on the earth may have access to the true galactic cosmic ray 

spectrum is the brief period of minimum solar activity. 
It remains to be shown whether one single mechanism may be responsible 
not only for the 11 year 
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Directional Properties of Cosmic Ray Telescopes. 


E. A. BRUNBERG 


The Royal Institute of Technology - Stockholm 


During the study of the cosmic ray intensity and its time variations dif- 
ferent kinds of recording apparatus have been used as for instance ionization 
chambers and Geiger-Miller tube telescopes of different aperture and pointing 
in different directions. In this way different time variations are observed. 
Our knowledge of that part of the variation which is induced by the atmosphere 
seems now to be fairly well established (see Progress in Elementary Particle 
and Cosmic Ray Physics, Vol. 4 (Amsterdam, 1958) DORMAN and FEINBERG, 
TREFALL, MAEDA and WADA and many others) but the mechanism of the 
extraterrestrial variations is the subject of several theories. These are com- 
pared with by measurements carried out with instruments, the measuring 
properties of which we know little about. The aim of the present paper 
is to show how this problem can be treated by introducing the optics of 
cosmic ray telescopes. 

The problem is as follows: given a cosmic ray source with known spec- 
trum, located in a given direction far away from the earth, what is the coun- 
ting rate of a telescope on the earth pointing in a given direction? 

As in ordinary optics we start by treatifhe casen of a point source (in this 
ease a cosmic ray point source) infinitely ar away from the earth and find 
the image given by the telescope. By image we mean the intensity recorded 
by the apparatus during one day. Using this result it is then possible to 
deduce the image of any finite cosmic ray source. 

The problem is divided into two main parts, namely a study of the de- 
flection in the geomagnetic field of the primary particles and the spread in 
the atmosphere of the secondaries. In connection with solar flares FIROR, JORY 
and during this conference, List, have discussed the counting rate of an omni- 
directional detector outside the atmosphere. SANDSTROM has pointed out 
the importance of taking into account the spread in the atmosphere when 


designing counter telescopes. 
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1. — Geomagnetic effects. 


We consider the state of affairs in the six-dimensional phase space and look 
at particles with momenta in the momentum interval between p and p+dp 
in the divergent beam from the source. The cross-section: of the beam 
is large compared to the cross-section of the earth. Using Liouville’s theorem 
it can be shown that the density of the corresponding flow in phase space is 
constant and the same in all parts of phase space where we have the flow. 

A telescope with a solid angle dQ and surface a is represented in phase 
Space by a six-dimensional element when considering particles in the small 
momentum interval dp. The element moves about in phase space as the 
earth rotates. When it happens to lie completely inside the flow, as re- 
gards both its momentum and space parts, the telescope measures the same 
intensity as another telescope pointing towards the source would measure 
outside the magnetic field, provided 
the products of the solid angles and 
the surfaces of the two telescopes 
are equal. 

The projection of solid angle and 
surface is carried out along the par- 
ticle orbits in the geomagnetic field. 
The directions of the particle orbits 
far away from the earth are called 
asymptotic directions. They are 
represented by vectors, the end- 
points of which coincide with the 
center of a globe. The foot points 
describe on the surface of the globe 
a curve, which is the projected solid 
angle of the telescope as in Fig. 1. 

It can be shown that the con- 
dition for the element of the telescope being completely inside the flow in 
phase space is fulfilled when the projected solid angle of the telescope is within 
the solid angle, subtended by the beam from the source. If this is not so, 
the intensity measured by the telescope at a certain moment is reduced and 
given by 


i, = I(p) dp-Ae{da-cos u particles/s , 


a 


where I(p)dp is the number of particles in the momentum interval dp, Ae is 
the solid angle, which is common to the projected solid angle of the telescope 


er call 
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and the solid angle, subtended by the primary beam. The integral finally, 
is the effective measuring surface of the telescope. 

If the telescope has a finite solid angle and the solid angle of the source 
is infinitely small, Ae is either equal to the solid angle of the source or zero. 
This case is considered in Fig. 1, where the angular position of a source is given 
by the vector p and the source subtends the solid angle dQ. When the earth 
is rotating dQ moves along a circle on the globe. During the angular interval 
AY the telescope records full intensity given by the primary effective spectrum 
in the chosen momentum interval. 

The image of a given source can now be calculated by summing up the 
contribution from all momentum intervals of the effective spectrum. Fig. 2 
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Fig. 2. 


shows the result for telescopes with different apertures pointing in the zenith 
direction at Huancayo. The source lies in the equatorial plane and the iso- 
tropic background is neglected. It seems reasonable in this first approach to 
use the same source spectrum as that of the isotropic background. The effective 
primary spectrum of an ionization chamber assuming only protons is known 
up to 13 GeV. FonGER has deduced a spectrum above this point of the form 
(1+E)~'*, which has been used a source spectrum. 

The curves show that the image of the source depends very much on the 
aperture of the telescope. The next problem is now to determine the effect 


of the spread of secondaries in the atmosphere. 


2 - The spread in the atmosphere. 


The problem can be expressed by the following question: given a cosmic 
ray source with known spectrum, located in a given direction far away from 
the earth, what is the counting rate of a telescope on the earth, pointing in 
a given direction if the geomagnetic deflection is neglected ; 
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The problem is divided into three parts: 


the path of a primary particle, before it interacts in a nucleon-nucleon 
collision ; 


ai 
— 


2) the intensity and energy distributions of mesons created in the 
nucleon-nucleon collision ; 


3) the behaviour of the mesons on their way towards the telescope. 


We consider a parallel beam of particies entering the atmosphere 
from a direction «'f' (Fig. 3). Ata 


ot certain height ¢ there are nucleon- 
ae -nucleon collisions and mesons, going 
he primary out in a direction making the angle 

af particle = 


O to the primary direction, are 
recorded by the telescope, which is 
pointing in a direction «f. 

The rate of nucleon-nucleon colli- 
sions at different heights in the atmo- 
Sphere is important in the following 
and has been calculated, assuming an 
atmosphere in equilibrium and that 
the mean cross-section for interact- 
ion is 120 g/em?. The calculations 
are done for protons of 20 GeV/e as 
an example. 

In the center of mass system of 
the nucleon-nucleon collision the 
produced mesons are assumed to have an isotropic intensity distribution. The 
energy distribution of the mesons in the center of mass System has been taken 
into account by using the energy spectrum of mesons, obtained by CAMBRINI 


Fig. 3. 


et al. (Progress in Cosmic Ray Physics, Vol. 1 (Amsterdam, 1952), p. 22). 


Under these assumptions the intensity and energy distribution of T-mMesons 
in the laboratory system have been calculated. 

Let us consider z-mesons going out in the direction towards the telescope. 
The influence of x > uw decay upon the intensity distribution of the u-mesons 
is neglected. On their way towards the telescope the u-mesons loge energy 
due to ionization and they also decay. Mesons Starting at large angles O have 
smaller energies and will consequently decay more rapidly seen from the 
laboratory system than those starting from directions which deviate little 
from the primary direction. Further they are more likely to be absorbed 
before they reach the telescope. These effects have a sharpening influence 
on the angular intensity distribution recorded by a telescope deeper in the 
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atmosphere compared to the distribution just below the point of a nucleon- 
nucleon collision, An estimate of the Coulomb scattering of the p-mesons 
has been done and shows that it has a negligible influence on the angular 
distribution. 

The intensity measured by a telescope with an infinitely small solid angle 
has been numerically integrated for different measuring directions of the tele- 
scope in zenith as well as in azimuth. In Fig. 4 are plotted the image of the 


IN 
1200 
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10 A particles/s 


Fig. 4. 


source obtained with the telescope oriented in the plane of the source but 
with different zenith angles. It must be pointed out that what we measure 
is the ratio between source intensity and background and in Fig. 5 is plotted 
the image of the source seen with telescopes of different apertures assuming 
a cos? law for the zenith dependence of the isotropic background. If we 
1% with an infinitely narrow telescope, a broad angle 


measure an amplitude of 
ude as seen from this figure. 


telescope measures a much smaller amplit 
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Amplitudes of the order of 1% in the daily intensity variation have been 
observed with narrow angle telescopes (SARABHAI). This could be understood 


h.. 5 i Rays from 
Be point soure 


) 


Secondaries from 
the primary isotropic 
intensity distribution 


=e 
10° 20° 30° 40° 50° 60° 70° 80° 90° 


Fig. 5. 


if there are cosmic ray sources in space of rather limited extension. Such 
sources could give rise to larger amplitudes in the daily variation observed 
by narrow angle telescopes than by broad angle teleseopes or ionization chambers. 
A valuable check of the calcu- 

È lations as regards the atmospheric 

Tg = 0° part can be obtained by deducing 
the zenith angle dependence of 
the radiation, which experimen- 
tally is found to be approximately 

a cos? 6 curve (JOHNSON, GREI- 
SEN and many others, see e.g. 
MONTGOMERY, 1949). This hag 
been done for a narrow angle tele- 

—, 6 scope assuming isotropic distribut- 
‘ e cl ia ale BLN O ion of point sources over the 
Fig. 6. hemisphere using the described 


* 
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calculations. The whole spectrum has not been taken into account, the 
calculations are carried out for 20 GeV/c protons. The result is shown in Fig. 6 
where the cos f, cos? 6 and così § curves have been drawn for comparison. The 
calculated curve agrees rather well with the cos? curve. The rather good 
agreement between the calculated curve and the cos?/ curve indicates that 
the assumptions regarding the meson production and the primary energy of 20 
GeV give an essentially representative picture of the phenomena in the atmo- 
sphere. 
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Comparison of the Cosmic-Ray Intensity Variations 
Observed at Different Altitudes (*). 


Y. MIYAZAKI 


Cosmie-Ray Laboratory, Scientific Research Institute - Tokyo 


1. — Introduction. 


Continuous observations of the cosmic-ray meson component have been 
made by means of a Nishina type ionization chamber during these ten 
years at the Scientific Research Institute, Tokyo (Geomagn. Lat. +25° 40’ N 
Long. 206° 32’ E, sea level) [1]. 

Since August, 1955, measurements of the meson component have also been 
made continyuousl at Mt. Norikura (Geomagn Lat. +25° 49’ N, Long. 204° 31’ E, 
Alt. 2840 m above sea level) by means of a ionization chamber identical 
wiht the one used at sea level. 

Simultaneous registration of cosmic-ray intensity at different altitudes 
have already been performed by several workers using an identical equip- 
ment, however, the comparison of the intensity obtained by these kinds of obser- 
vations has not yet been tried up to now. 

The aim of this study is to find out the time variations of compara- 
tively low energy primary cosmic rays by the comparison of the results ob- 
tained at different latitudes but at almost the same geomagnetic longitude 
and latitude. 


? 


2. — Comparison of the meson compenent observed at different altitudes. 


Since the over-all multiplicity of u-mesons observed at mountain and at 
sea level is different, especially in the low energy regions, then the u-mesons 
observed at mountain and at sea level correspond to the primary cosmic rays 


(*) This work was supported by the Ministry of Education and the Japanese 
National Committee for the IGY. 
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of different energy. Obviously the difference of the meson intensity observed at 
different altitudes reflects the intensity variation of the low energy primary 
particles. 

It is well known that the meson intensity is affected not only by the time 
variation of primary particles but also by the temperature variation of the 
atmosphere above the stations. These features can be expressed by equations 
taking into account the partial temperature effect [2], 


AM, nae 
(1) a — =, +« AT, +a,AT,, 

M, 
2 AM » ; ex ine 
(2) €33 =(e-1)Mm+#+(e-1)aAT,+a;AT1;, 


where AM,/M,, AM,,/M,, mean the variational fraction of mesons observed 
at sea and at mountain level, respectively, 7, means the variational fraction 
of primary cosmic rays corresponding to the meson component which can reach 
sea level, 7, the variational fraction of primary cosmic rays corresponding 
to the meson component which can be observed only at mountain level, 
a AT, the variation caused by the temperature change above the moun- 
tain, «AT, the variation caused by the temperature change below the 
mountain, (e — 1)x,A7, the variation of the meson component which can not 
reach sea level by the temperature change above the mountain, «= M,,/M,. 
From (1) and (2), we get 


AM, AMINA: 
(3) sie ap = © — Dm +(e Du AT, — AT. 
Since the momentum of March 1956 
u-mesons observed only at -013 Yo °C 


mountain level is very low, the 
effective depth of the mean 
temperature 7, is situated only 
little above the mountain. 
Further, the variation of tem- 
perature above and below the 
mountain is approximately the 


same. Thus we may put 

ATI APs. Then we get 

(e) ey) = ets Cul aN 1) : Fig. 1. — The correlation between the difference 
e—1\_M, È of the meson intensities observed at Mt. Nori- 


kura and at sea level corrected for the baro- 


In order to check the equat- 
ion (4), the relation between 


17 - Supplemento al Nuovo Cimento. 


meter effect A and the mean atmospheric tem- 
perature between mountain and sea level 7,. 
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AM JM, and T, is plotted in Fig. 1 using the data for the period when 7, ~ 0. 
Coefficient « was obtained from Fig. 1 [3], 


(5) iSO ASO Oar, 


From the statistical analysis [3], x, is —0.279 % °C-1 and a, is —0.065 % °C. 
Then a is obtained by the relation «=(e—1)a,—a, using e=1.7 as 
— 0.13% °C-1. This value is just identical with the one obtained by the dif- 
ference method mentioned above. Thus the assumption that the temperature 
effect of AM,/M, is mainly caused by 7, is justified. 


3. — Comparison of the daily variation. 


The mean daily variation of the meson component observed at mountain (m) 
and at sea level (s) is shown in Fig. 2 together with AM,/M, (=A). ‘These 
values were corrected only for the pressure of the atmosphere, however, the 
corrections for the temperature must be applied on them, as mentioned above. 
The upper atmospheric temperature obtained by radio sonde observation is 
not accurate enough to correct for the temperature effect of cosmic-ray in- 
tensity variations. 

As mentioned in Sect. 2, the atmospheric effect on A depend mainly 


+ — 


0 6 DI 2% 0 6 12 78 2 
AUG.1955~MAR.1956 LOCAL TIME APR. — DEC.1955 
Fig. 2.— The mean diurnal variation of m, s, n, A, t and 7,. m, meson intensity observed 
at Mt. Norikura; s, meson intensity observed at Tokyo; n, neutron intensity observed 
at Mr. Norikura; A, difference of the meson intensities observed at Mt. Norikura and 
at Tokyo; t, mean atmospheric temperature effect to 4, calculated from the atmo- 
spheric pressure observed at Mt. Norikura and at Tokyo; 7,, difference of the meson 
intensities corrected for the temperature effect. 
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upon the variation of 7,. The mean temperature of atmosphere is related 
by the Laplacian formula with height and pressure. Then from the atmospheric 
pressure variation at mountain and at sea level, the variation of temperature 
between mountain and sea level can be estimated. The estimated temperature 
t is shown in Fig. 2. The fact that the curves A and t run not parallel means 
the presence of a diurnal variation not caused by the atmospheric temperature 
variation. 


4. — Comparison of the daily variation of the meson and neutron components. 


AM ,JM, was corrected for the temperature variation (A7,) using the 
method mentioned in Sect. 3 and it is shown in Fig. 2 as n. 

Cosmic-ray neutrons have been continuously 
measured at Mt. Norikura since August, 1955, 
by a standard neutron monitor of Simpson’s type 
[4]. :1 is compared with the pressure corrected 
neutron intensity (n). It is clear from the figure 
that the two curves agree quite well. 

In order to see the daily variations of (m), (8), 
(t), (11), and (n) more accurately, the amplitude 
and the maximum times of the first harmonics of 
the daily variation of each component were 
calculated. It is shown in Fig. 3. Vectors n and 
y, almost coincide. This fact shows that the 
neutron intensity and the difference of the meson 
intensity observed at mountain and at sea level 
correspond almost equally to the low energy side 
of the primary spectrum. 


Fig. 3.— Harmonie dial of the 
first harmonies for the diur- 


nal variations of m, s, n, t 

The intensity variations of the primary cosmic and »,. Four points corres- 
rays at the time of cosmic-ray storms were also exa- _— pond to the first harmonics of 
mined using the method mentioned above. It was the mean diurnal variations 
found that the variation of :), is almost the same Aa ceo aren 
as that of the neutron component. The method is Apr.-Jul. 1956 and Aug.-Dec. 


available for the study of cosmic-ray storms. 1956, respectively, 


5. — Conclusions. 


The time variation of comparatively low energy primary cosmic rays 
could be derived by the comparison of simultaneous observation of the meson 
component at different altitudes. 

The method is also available for the detailed study of cosmic-ray storms. 
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Cosmic Rays in the Earth’s Magnetic Field. 
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1. — Introduction. 


The intensities of cosmic ray particles observed at various latitudes and 
longitudes are often not in good agreement with the intensities predicted from 
Lemaitre-Vallarta theory for the motion of charged particles in the earth’s 
dipole field. A suggestion has been made recently that this is because the \ 
earth’s outer magnetic field, with which cosmic ray particles interact, is dis- 
torted by the motion of ionized interplanetary matter in the field (ROSE 
et al., 1956). However, it seems possible that differences between the earth’s 
real field, and the eccentric dipole approximation to it, may be sufficient. to 
explain the differences between observed and calculated cosmic ray intensities. 
A simple experimental test of this point can be made by measuring cosmic ray 
intensities in places where it is known that there are large differences between 
the earth’s measured field and the eccentric dipole field. If the earth’s outer 
field is much distorted at distances where it interacts with the incoming cosmic 
ray particles, then no particular correlation between surface magnetic field 
anomalies and cosmic ray intensity discrepancies would be expected. On the 
other hand, if the outer field is not appreciably distorted at such distances, 
it would be reasonable to expect cosmic ray intensity and surface magnetic 
measurements to indicate similar field anomalies. 

A neutron intensity monitor is particularly suitable for recording changes 
in cosmic ray intensity with latitude and longitude, because it is sensitive to 
the low energy end of the cosmic ray spectrum which is most affected by the 
earth’s magnetic field, and because it is not subject to atmospheric tempera- 
ture variations. 

The main shipping route between England and South Africa crosses two 
regions where differences between the earth’s real field and the dipole approx- 


imation to it are well marked. 
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a) The measured position of zero magnetic dip—the dip equator—lies 
at 7° N, 14° W, while the dipole (or geomagnetic) equator lies at 5° S, 5° W 
on this route. 


b) The horizontal component of the earth’s magnteic field in the South 
Atlantic near Cape Town is anomalously low (~ .13 G, instead of ~ .27 G). 


In a dipole field, the position. of minimum cosmic ray intensity and the 
position of zero magnetic dip should both lie at the geomagnetic equator, 
and cosmic ray intensities near 30° N and 30°S geomagnetic latitude should 
be about the same. A neutron monitor installed on a ship making the journey 
from England to South Africa could determine: 


a) The position of minimum cosmic ray intensity, to within a degree 
or two of latitude, and show whether it lies nearer the geomagnetic equator, 
the dip equator, or some other « cosmic ray » equator, and 


b) The cosmic ray intensity in the region of low horizontal magnetic 
intensity in the South Atlantic (near Cape Town), and show how it compares 
with the intensity at a similar geomagnetic latitude in the North Atlantic 
(near the Canary Islands) where it is 
known that the dipole field and the 
earth’s measured surface field are similar 
(BARTELS, 1936). 


50 


In this way, it could be seen whether 
there is any connection between surface 
magnetic field and cosmic ray intensity 
anomalies. 


2. — Experimental arrangement. 


10/5 


The neutron monitor used in this 


oh 5 experiment was of the standard Simpson 
| type and consisted of five BF, propor- 


30/s tional counters surrounded by lead and 


an DE ei e paraffin wax. It was housed in a ther- 
mostatically controlled hut, placed on 
the top deck of M/V Roxburgh Castle, 
travelling from London to Cape Town, 
Lourenco Marques and back (see Fig. 1). Cosmic ray intensities scaled by 100, 
were printed every hour. Barometer readings were taken every two hours, 
and a pressure correction was made to the counting rate of .75% per millibar. 
A similar monitor operated in London over the same period and percentage 
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corrections for small changes in the mean daily intensity recorded there were 
made to the cosmic ray intensities recorded on board. The counting rate of 
the monitor in London was ~ 14000 counts per hour. 


3. — Results. 
The corrected cosmic ray intensities (6 hourly averages) recorded on two 
voyages are shown in Fig. 2, plotted against 
a) geographic latitude, 
b) geomagnetic latitude, 


ec) angle of magnetic dip. 


The position of minimum intensity lies at 

a) T+I°N geographic latitude, 

b) 12 +1°N geomagnetic latitude, 

c) 042° magnetic dip. 
The ship crossed the « cosmic ray» equator proposed by SIMPSON et al. (1956) 
at — 3° N, 11° W, geographic co-ordinates, i.e. 4° S of the position of mini- 
mum intensity found in this experiment. 
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Table I gives for comparison a) the cosmic ray intensities at 30° N and 
30° S geomagnetic latitudes together with the horizontal magnetic intensities 
in the earth’s field and in the eccentric dipole field, and d) cosmic ray inten- 
sities at angles of magnetic dip in the northern and southern hemisphere, 


similar to those found at 30°S and 30° N. 
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TAB 


Saomachenie ele | Horizontal mag- Horizontal mag- Couting rate 
L: titud of di netic intensity netic intensity per hour x 100 
ee ST (earth’s field) | (dipole field) de 
(@) MSN 30° N .29 G -27 G | 92 + .4 
30° S 64° S | 3G | 27 G 123 + .5 
(b) 7°8 3528 | 23 G 316 91 +4 
52° N 64° N | 2207G; | 19 G 1362225 | 


It is seen that, at 30°S geomagnetic latitude, where the horizontal com- 
ponent of magnetic intensity in the earth’s field is much lower than in the 
eccentric dipole field, the cosmic ray intensity is ~ 30% higher than at 30° N, 
where the horizontal magnetic intensity is similar in the earth’s field and the 
dipole field. Intensities at similar angles of magnetic dip in the northern and 
southern hemisphere are comparable, however. 


4, - Discussion. 


The results of this experiment show that there does exist a connection 
between surface magnetic field and cosmic ray intensity anomalies. Previous 
observations of cosmic ray intensity anomalies, which gave rise to the sug- 
gestion that the eartn’s cuter magnetic field differs in distribution from that 
expected from the surface field, may also be explained in terms of tue difference 
between the earth’s real field and the eccentric dipole approximation to it. 


a) The positions of minimum cosmic ray intensity at various longitudes 
do not coincide with the geo- 
magnetic equator (SIMPSON et 

---- Dip Equator © Neutron Detector . 

Geomagnetic Equator © Counter Telescope al., 1956). Fig. 3 shows the 

1BONVE > or lon Chamber QUA ; o 

position of the geomagnetic equa- 
tor and the magnetic dip-equator 

(1955 survey), together with ex- 

perimentally observed positions 

of minimum cosmic ray intens- 
ities at various longitudes, mea- 
sured with neutron monitors, and 
counters, telescopes or ionization 

CRI o Uro chambers (also see Table II). 

1 OY Ol o 0 .]° CÒ . 
ee e $9 as 10, The positions of minimum cosmic 


Fig. 3. ray intensity lie nearer the dip 
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equator than the geomagnetic equator in nearly every case; this is particu- 
larly noticeable at longitudes where there is a considerable distance between 
dip and geomagnetic equator. 


TABLE II. 
_- ———__— i s- === os = = 
Type of 1 Geo- Di | Minimum 
o cola Rion IRA iran o ; 
measurement aitada magnetie 4 (COSMIC ray Reference 
g atanm |equatori . Ls 
equator | intensity 
| =a e Pel e a de e ae: pas | | 
Neutron monitor, | | ROTHWELL 
sea level, | 14° W TOS GN, 7°o+1°N | and QUENBY 
2 equatorial crossings | | (1957) 
| | 
Neutron monitor, | SIMPSON, FENTON, 
| ©) x 0a | x o O NT | > 
sea level, 30° W 92S eS Oe Se ToON | KATZMAN and Rose 
1 equatorial crossing | | | | (1956) 
Neutron monitor, | | ‘ 
n) vate) T o Q | al oa Ss i S N 
8 aeroplane flights 80° W 1s 12°58 g°+2°8 | ae Sa 
to 11° S and back | | | (1951) 
Counter telescope, | | I 1 
| y à | a ‘ INSON & 
sea level, Peer wr ast dos) 6°? 8 a a 
6 equatorial crossings | | | RED (1021) 
| | 
| # — 
Neutron monitor, | SIMPSON, FENTON, | 
sea level, 100° W| 10° S | g°S |11°+1°S | Katzman and ROSE 
1 equatorial crossing | | | | (1956) 
SA | | 
Tonization chamber, | | 7 A 
(0 Ww ¢ | ¢ ‘OMPTON an 
sea level. 1170° W PRN i MUP BE dale S ke | 
E : | TURNER (1937) 
11 equatorial crossings | 
Counter telescope, | Law, MCKENZIE 
sea level, 145° E | 9°N | TN | 4°+3°N| and RATHGEBER 
1 equatorial crossing | (1949) 
Ionization chamber, f SEKIDO, ASANO 
sea level, IO (SSR HA at 8° N |-9°-+1°N | and MASUDA 
8 equatorial crossings (1943) | 


b) Measurements of «-particle cut-off energies in the earth’s field give 
values that are higher than predicted on dipole theory over Europe, and lower 
over North America (WADDINGTON, 1956). A new calculation of the eccentric 
dipole field, based on the 1955 magnetic survey (WEBBER, 1957) and some 
re-measurements of the «-particle cut-off energies (WADDINGTON, 1957), show 
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that discrepancies between the observed and calculated energies are smaller 
than was thought at first (WEBBER, 1957). The horizontal component of the 
earth’s surface field at geographic latitudes ~ 40° N to ~ 60° N is lower than 
that of the dipole field over North America, and slightly higher over Europe; 
this could explain the remaining discrepancy between European and American 
x-particle measurements. 


c) The longitude effect is not negligible at 30°-35° geomagnetic latitude, 
contrary to the predictions of dipole theory (ROSE et al., 1956). The ano- 
malously high cosmic ray counting rate found in this experiment in the region 
of low horizontal magnetic intensity near 30° S, 20° E would produce a large 
longitude effect at this latitude. The longitude effect found by Rose in the 
northern hemisphere could, similarly, be ascribed to local field anomalies. 


5. — Conclusion. 


Observations of cosmic ray intensities at places where there are large sur- 
face magnetic field anomalies suggest that discrepancies between measured 
cosmic ray intensities and intensities predicted by Lemaitre-Vallarta theory 
for the motion of charged particles in a dipole field, arise because of differences 
between the earth’s real field and the eccentric dipole approximation to it, 
rather than because of a distortion of the earth’s outer magnetic field. 


The authors wish to thank the Union Castle Line for their generosity and 
co-operation in this experiment, and in particular, Captain N. WILLCOCK for 
making all arrangements for the installation and transport of the equipment, 
and an observer, on M/V Roxburgh Castle. 


APPENDIX 


Further measurements on the position of minimum cosmic ray intensity 
at various longitudes, using neutron monitors, were reported during the con- 
ference by Simpson (12 equatorial crossings) and by ODA and POMERANTZ 
(one equatorial crossing each). 
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These results are shown in Fig. 4, together with the results reported pre- 
viously by SImPson et al. (1956). 
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It can be seen that all the positions of minimum cosmic ray intensity lie 
very near to the magnetic dip equator (1955 survey). 
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1. — Introduction. 


It has been recognized for many years that the dipole approximation to 
the earth’s magnetic field derived from surface measurements does not in- 
variably provide the appropriate geomagnetic co-ordinates for describing the 
observed spatial distribution of cosmic ray intensities. Recent neutron monitor 
measurements [1] supported by other lines of evidence, such as comparisons of 
x-particle cut-off energies [2], have unambiguously demonstrated the existence 
of appreciable discrepancies. Although the available data appeared to indicate 
that the equator derived from the position of intensity minima (the so-called 
cosmic-ray equator) could be simulated by a westward shift of the inclined 
magnetic dipole of the earth by about 40°-45° without requiring an appre- 
ciable change in the angle of inclination [3], drastic anomalies at high lati- 
tudes were still apparent [1]. i 

To facilitate a detailed analysis of this problem, it appeared to be extremely 
desirable to obtain with neutron monitors as complete a global map as pos- 
sible of the contours of equal cosmic ray intensity (isocosms). This method 
of detection of the nucleonic component possesses unique advantages over the 
techniques employed in earlier world-wide surveys in being free from atmo- 
spheric temperature effects, and in displaying much larger variations with 
latitude as a consequence of its sensitivity to the low energy band of the 
cosmic ray spectrum, which is so greatly influenced by magnetic fields in the 
vicinity of the earth. Since extensive observations at sea level had already 
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been obtained recently with shipboard instruments [1], a program to extend 
these measurements to regions of the earth not previously traversed was there- 
fore undertaken. A prime objective of the present investigations is to con- 
tinue making measurements along a selected route over a long period of time, 
thereby permitting the detection of even relatively small time variations which, 
should they occur, could significantly affect the conclusions derived from this 
type of experiment. 

In view of the fact that the program is stillin progress, we shall not attempt 
in this preliminary report either to present all of the results obtained thus 
far or to discuss the implications in detail. Rather, attention will be confined 
to a brief description of the determination of the cosmic-ray minimum off 
the west coast of Africa, in a heretofore unexplored region which was selected 
for the initial phase of the investigations because it is quite crucial in the 
comparison of various possible representations of the cosmie ray equator. 


2. — Experimental procedure. 


A detailed description of the pile geometry, which is identical in every 
respect with that utilized previously during cruises of HMCS Labrador and 
USS Atka, has already been published [4]. Although the present circuit arran- 
gements, methods of recording, and other details [5] differ somewhat, absolute 
counting rates are in fact directly comparable within a relatively small un- 
certainty. 
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Fig. 1. — Route of the M/S Lommaren. 
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The pile and all associated equipment are installed in a thermostatically- 
controlled air-conditioned hut on the boat-deck of the M/S Lommaren. The 
route is shown in Fig. 1. 


3. — Results and discussion. 


Although the third voyage to South Africa is currently in progress, the 
results from the first round-trip only are available at present. The pressure- 
corrected nucleonic component intensity plotted as a function of geographic 
latitude is shown in Fig. 2 for the southbound voyage from Géteborg, Sweden, 
to Capetown, South Africa (Nov. 2, 1956 - Nov. 20, 1956) and in Fig. 3 for 
the northbound voyage (Dec. 30, 1956 - Jan. 19, 1957). 

While the ship was traveling southward, a large Forbush-type decrease 
occurred on Nov. 10. The location of the cosmic ray minimum is significantly 
influenced by this event, and the importance of such considerations is apparent 
in Fig. 2. Here are indicated the data uncorrected for this world-wide variation, 
as well as the results of normalization with respect to the neutron-monitor 
records from Huancayo [6] and Upsala respectively. Obviously neither of the 
latter represents the true curve, although the positions of the minimum are 
in approximate agreement and differ appreciably from that of the uncor- 
rected curve. 
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Fig. 2. — Intensity of the nucleonic component at sea level plotted as a function of geo- 
graphic latitude. First southbound voyage, Goteborg, Sweden, to Capetown, South Africa. 
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Fortunately fluctuations during the return voyage were much less drastic, 
and the position of the minimum is quite unambiguous. However, the base 
level of cosmic ray intensity was low during this entire period, and Fig. 3 
shows the result of applying a correction for this effect on the basis of the 
Upsala neutron monitor records. In general, the absolute counting rates during 
the northbound and southbound voyage are brought into agreement by this 
procedure, although some discrepancies are certain to result from any nor- 
malization which does not take into account the fact that the amplitude of 
world-wide variations is dependent upon both particle rigidity and geographic 
position. 
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Fig. 3. — Intensity of the nucleonic component at sea level plotted as’a function 


of geographic latitude. First northbound voyage, Capetown, South Africa, to 
»” L 
Goteborg, Sweden. 


The results of the first voyage yield as the position of the cosmic-ray 
‘equator, expressed in geographical co-ordinates: 


(> 


SONE 14° W. 


For purposes of comparison, Table I lists the geomagnetic latitudes of this 
point corresponding to a simple dipole field with polar co-ordinates consistent 
with the particular observation cited. It is clear that the position of the cosmic 
Tay equator off the west coast of Africa is inconsistent even with the prediction 
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TABLE I. — Geomagnetic latitude of observed position of cosmic ray intensity minimum cor- 
responding to dipole appre 


rraimation and polar co-ordinates consistent with other observations. 


| LE Nature of | Polar Geomagnetic Latitude | 
| pha observation || co-ordinates of cosmic-ray equator | 
[7] | Surface 78°.6 N 
Magnetic Field MOZALE\VI 15° N 
Measurements | 
[3] | Cosmic Ray In- 80°.2 N 6° N 
| tensity Minima | 113°.2 W 
[8] | «-Particle 15°.5 N 122° 
Cut-off 90°.0 W 


based upon similar measurements of cosmic ray intensity minima in the 
western hemisphere if a simple dipole representation of the earth’s magnetic 
field is assumed. It is interesting to note, on the other hand, that the mi- 
nimum actually lies very close to the isoclinic equator representing a surface 
measurement of the inclination of the earth’s magnetic field equal to 0°. 


It is a pleasure to thank the Transatlantic Company of Sweden for their 
very generous co-operation in making the facilities of the ship available for 
these experiments. In particular, we are grateful to Capt. A. LAGERWALL for 
making the many necessary arrangements, and to Capt. GUNNAR RUNSTEN, 
master of the M/S Lommaren for his help and hospitality. Appreciation is 
also expressed to the National Geographic Society for sponsoring the field 
operation. Support from the U.S. National Committee for the International 
Geophysical Year, as well as the U.S. Office of Naval Research has aided 
this project. Finally, we wish to thank Mr. LArs Ericson who served as 
observer aboard the ship, Mr LAMBERT VALI, who calculated the ship’s posit- 
ions for every two hours, and Dr. V. R. PoTNIS, who assisted in the reduction 
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Cosmic Ray Soft Component Measurements During a Flight 
from Scandinavia Across the North Pole 
and Around Asia and Europe. 


A. E. SANDSTROM 


Fysiska Institutionen, Uppsala Universitet - Uppsala 


1. — Introduction. 


During the international geophysical year cosmic ray measurements, in- 
cluding such with neutron monitors, will be made at at a number of stations 
in the northern polar region and its vicinity. Therefore it was supposed to 
be of interest to collect some knowledge as to the cosmic ray soft component 
variations across this region along at least two meridians as opposite to each 
other as possible. With the aid of the Scandinavian Airlines System this enter- 
prise could be undertaken, the neutron monitor being returned along the usual 
commercial flight routes over the southern parts of Asia and Europe. The 
survey included several regions inaccessible by shipborne instruments. Con- 
sidering the risk for time variations of the rigidity of the primary particles it 
was especially convenient that the flight could be completed within a compa- 
ratively short period. 


2. — Experimental equipment. 


The small neutron monitor was originally intended for preliminary studies, 
although it played a part in connection with the solar flare effect of Feb- 
ruary 23, 1956 [1]. For the flight expedition it had to be partly rebuilt. 

The arrangement of the lead core is principally the same as that of the 
transportable monitors designed by Simpson et al. [2]. As the two propor- 
tional counters are short, the length of the lead core is only 28cm. The 
counters, lent by the Swedish Atomic Energy Co., have an effective length 
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Fig. 1. — Part of a flight record showing to the left a flight on an isobaric surface and to the right a descent to ground. 
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of 200 mm. Their diameter is 29 mm. They 
are filled with BF; of 95% enrichment to 
a pressure of 700 mm Hg. 

The paraffin shield had to be dimensioned 
according to the space and weight limits 
agreed upon by the SAS Company. The 
whole monitor is enclosed in a wooden box, 
the minimum distance from the lead core 
to the outer surface of the shielding being 
12.2 em. 

The stabilized high voltage for the pro- 
portional counters was supplied by an E.H.T. 
unit, Type 532, from the Isotope Develop- 
ments Co., England. The pulses from the 
counters pass a preamplifier, at the same 
time serving as connector box. From the 
preamplifier the pulses are fed to a main 
amplifier with discriminator. From the lat- 
ter the pulses can be fed either to a scale 
of four or to a Philips decade counter with 
five digits. A printing counter can be con- 
nected in series either with the scale of four 
or with the first digit of the decade counter. 
It is also possible to connect the latter in 
Series with the scale of four. Thus the prin- 
ting counter will receive either every fourth, 
tenth, or fortieth pulse. When the mecha- 
nical counter is in series with the scale of 
four the complete five digit decade is in pa- 
rallel with the latter. This arrangement 
provides, for all the three possible cases, the 
means of reading the number of pulses 
visually, thus safeguarding the continuous 
recording of data should a break-down of the 
printing counter occur. 

The 220 volt AC power for the electronic 
equipment was provided by a rotating trans- 
former fed from the 24 volt DC mains of 
the aircraft. The essential parts of the equip- 
ment can be seen in Photo 1 (a and b). 

The pulses were counted during 6 minutes 
intervals. The pulses triggering the printing 
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Photo 1-b. 


Photo 1-a,b. — The neutron monitor as installed in a DC7C aircraft. A is the neutron pile 
monitor proper. The connector box (B) with preamplifier can be seen in the picture to 
the left. C (in the picture to the right) is the rotating transformer. The performance of the 
latter was hand-regulated by means of resistors and a variae (D). The electronics from 
top to bottom: main amplifier, discriminator with scale of four, decade seale, printing 
counter, E.H.T. unit, and the stabilized unit for anode voltages. The device for the 6 
min pulses is at the top of the rack and cannot be seen in either one of the photographs. 
The mounting of the rack was shockproof. The monitor box rested on thick rubber matting. 
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counter every sixth minute were obtained from a contactor controlled by the 
Signals from a master clock. 

Immediately after each ascent and frequently during the flight the time 
correction of the contactor was determined by comparison with the chrono- 
meters of the aircraft. 

The pulses from the contactor were also fed to one of the signal detectors 
of the flight recorder providing the means of synchronizing the records of this 
instrument with the monitor registrations. The flight recorder, manufactured 
by Societé de Fabrication d’Instruments de Mesure, also includes a chrono- 
meter. Combined with the times of take-off it furnishes an easy identification 
of the individual contact times. The recording is made photographically on 
a strip of paper. 

Part of one of the records is reproduced in Fig. 1. A barograph arran- 
gement measures the atmospheric pressure outside the plane. It can be com- 
puted from two curves, one (B) giving a rough value, only, the precision values 
being read from curve A. As regards the rest of the curves, C is the rough 
record and D the precision record of the speed of the aircraft relative to the 
surrounding air. The numbered dots constitute the time reference. Tiny 
indications between these dots correspond to the pulses received by the signal 
detector from the contactor belonging to the monitor equipment. These indi- 
cations mark the beginning and end of each 6 minutes counting interval. 


3. — The route. 


The route (Fig. 2) was mainly determined by the points of stops. 

The polar part of the flight started from Stockholm (59°.4 N, 18°.0 E) 
with a fuelling stop at Kallax airfield (65°.5 N, 22°.1 E) before the long 
distance flight over Tromsò and the North Pole to Alaska. From Tromsò 
(69°.7 N, 19°.0 E) the route followed the meridian 19° E to the North Pole 
and thereafter the meridian 144°.0 W with a slight deviation to the east. In 
the vicinity of Barter Island (70°.2 N, 143°.6 W) it turned to Fairbanks 
(64°.9 N, 147°.7 E) and Anchorage (61°.2 N, 150°.0 W). The whole flight, 
including fuelling at Kallax and Fairbanks, took only 19.6 hours. 

After an interval of 35 hours the second part of the flight started from 
Anchorage to Shemya (52°.7 N, 174°.0 E) and after refuelling at the latter 
place it went straight on to Tokyo (35°.5 N, 139°.7 E). The deviations from 
the great circles between these three places were small and took place mainly 
after Anchorage and in the vicinity of Japan. Including the stop at Shemya 
this part of the flight took 15.5 hours. 

In Tokyo the monitor was taken off the first DC7C aircraft and seven days 
later (Febr. 26) it was mounted in another one. 

The return flight was marked by more frequent visits to airports and air- 
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fields although without any major stops. It followed the shortest distances from 
Tokyo over Okinawa (26°.5 N, 128°.0 E) to Manila (14°.5 N, 121°.0 E), Bang- 
kok (13°.8 N, 100°.6 E), and Karachi (23°.3 N, 69°.9 E), the small deviations 
being due to flight route regulations only. Between Karachi and Athen, 
major changes of direction took place abeam Sharjak (25°.3 N, 55°.9 E), Bagdad 
West (33°.3 N, 44°.3 E), Damaskus (33°.4 N, 36°.3 E), and Nicosia (35°.2 N, 
33°.4 E). From Athen the route went over a point 38.9° N, 16.5° E in Ca- 
labria to Rome. The plane then visited Geneve, Frankfurt a/M, and K6penhamn 
following the ordinary flight routes through Europe. Including eight stops 
the whole flight from Tokyo to Stockholm took 52.5 hours. 


Fig. 2. — Routes of the aircrafts carrying the neutron pile monitor. 


The flight can be followed in detail by means of the time intervals and 
positions listed in Table I. 

Most of the data were collected while the flying height was controlled by 
the automatic pilot of the aircraft. On most distances the height was remark- 
ably constant. In some cases the variations were below the resolving power 
of the flight recorder even during very long runs. While crossing the polar 
sea the plane followed the same isobaric level for nearly 900 nautical miles 


with a maximum deviation of 1.5 mb. The average pressures are listed in 
Table I. 
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TABLE. 
Time | Average Geographical | Pressure corrected 
interval | pressure | counting rate 
(GMT) | (mb) i for. 468-100) mia 
Lat. | Long. | 
| | o ZIO 

[S402 193600) 6004 | 624 N 45, 19.1 .j 106.3 
1611-1653 | 668.8 | 68°.2N 19°.0E. | 105.7 
1705-1729 | 590.1 71°39 N LOTO RA 101.5 
1729-1817 | 5901 | 74.0N | 19°0E | 102.7 
[317-1008 a So9I.LU | risi] (19°0R | 101.3 
1905-1953 | 590.6 | 80°.5N 1970 100.1 
1953-2041 | 590.3 | 83°.7N | 19°.0E | 100.0 
2041-2129 | 590.3 | 86°9N |. 19°0E | 99.1 
219629217 «| 590.8. * | 899.8 N 144°.0 W 98.5 
2217-2305 | 591.8 | 86°.8N 144°.0W | 98.6 
2305 - 2353 501-7 “| -83°.5 N 144°.0 W 99.5 
2353 - 0041 | 590.4 80°.3 N 144°.0 W 99.4 
7.2 0021-0125; 7 | 1 (592,3-0 | Z72.0N 143°.8 W 99.3 
0129 0217.1). 590.7. | 73°.6.N 142°.8 W 100.4 
0217-0305 | 606.1 | —70°.8N 143°.4 W 99.4 
0305 - 0405 608-65 |) 167°. N 145°.6 W 98.1 
0648 - 0724 596.9 | 63°.3N 149°.4 W 97.1 
1850 - 1938 606.7 59°.4 N 153°.9 W 97.0 
1938-2026 | 601.5 58°.5 N 160°.0 W 96.4 
2026 - 2114 | 594.5 bUREN 166°.8 W 96.0 
2114-2202 | 594.9 56°.5 N 172°.9 W 95.2 
2202-2250 | 594.1 | 54.9N | 178°.4W 93.8 
2250- 2320 | 582.5 | 53°8N | 177°.1E 91.4 
0223 - 0311 592.2 517 N 170°.0 E 88.6 
0311 - 0359. 593.3 50°.3 N 165°.2 E 84.9 
0359 - 0447 593.0 48°.6 N 160°.8 E 79.3 
0447 - 0535 | 593.0 46°.9 N 157°.2 E 73.8 
0535 - 0623 593.0 45°.2 N 154° Ee 67.1 
0623 - 0711 593.2 43°.6 N 151°.0 E 59.3 
0711 - 0759 594.0 42°.0N 148°.4 E 58.2 
0759 - 0847 594.0 39°.4N 146°.3 E 55.5 
0847 - 0947 591.5 37°.0 N 143%2:B 0 | 51.2 
26.2 0613 - 0701 592.6 34°.8 N 138°.1 E 46.9 
0701 - 0749 592.4 31°.9 N 135°.5 E 43.9 
0749 - 0837 592.1 30°.0 N 132°.8 E 44.8 
0837 - 0925 591.6 28°.1N 130°.0 E 42.4 
0925 - 1013 591.4 25°.9 N 127°7 E 41.4 
1013 - 1101 590.0 23°.0 N 126°.2 E 39.3 
1101 - 1149 590.0 19°.9 N 124°.7 E 38.7 
1149 - 1243 590.1 167.6 Noe | 123-2. 38.2 
1623 - 1711 505.5 13°.9 N (Wie BST) 39.9 
1711 - 1759 505.5 14°.0 N 1070540 37.1 
1759 - 1847 505.9 14°.0 N 103°.8 E 35.2 
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TABLE I (continued). 


Time Average Geographical | Pressure corrected 
Date interval ima | __| counting rate | 
(GMT) (mb) Kae Long | for (48—100) min | 
26.2 2150 - 2238 495.5 16°.8 N 95°.5 E 37.9 
2238 - 2326 495.5 eee OmNi | 92°.3 E | 36.6 
2326 - 0014 495.5 18°.4 N 88°.9 E | 36.0 
27.2 0014 - 0102 494.8 19°.3 N | 86°.2 E | 32.9 
0102 - 0150 495.7 207.1 N 83°.0 E 34.7 
0150 - 0238 495.5 20°.6 N 80°.2 E 34.0 | 
0238 - 0326 495.5 215 Ni TIC 34.8 
0326 - 0414 495.5 22°.6 N TER) 1S 35.0 
0414 - 0456 495.5 23°.3 N | ZONA 35.9 
0745 - 0833 537.1 25°.2 Ni 62°.9 E ted) | 
0833 - 0921 538.0 25°.2 N 59°.7 E 37.9 
0921 - 1009 599.2 257.5 N | DOSAIE 38.7 | 
1009 - 1057 534.0 200 | ESL 40.3 | 
1057 - 1145 Doo 28°.9 N DOSSIER | 40.8 
1145 - 1233 533.0 ull CO) ING 47°.4 E 46.9 
1233 - 1321 538.2 32°.9 N 44°.4 E | 48.5 
1321 - 1409 545.3 33°.4 N 40°.8 E 49.3 
1409 - 1457 542.7 3a) ON STISSONE 51.9 
1457 - 1545 533.3 SOZIONN PONAZE 51.5 
1545 - 1633 ‘TIZIO 36°.0 N 30-51 0h) 54.9 
1633 - 1709 533.3 Be sa IN 26°.5 E 57.0 
1946 - 2034. 585.0 Bo) 2a N 2022528 65.5 | 
2034 - 2122 585.0 39°.1 N 16°.6 E 68.8 | 
2122 - 2146 585.2 40°.7 N 14°.5 E 72.4 
28.2 0000 - 0036 459.3 43°.3 N 9°.8 E 76.4 | 
0036 - 0112 461.0 45°.0 N Tey Te 80.5 
0237 - 0319 585.6 47°.6 N 8°.9 E 89.4 
0447 - 0529 683.6 51°.9 N 9°52) Hi 93.3 
0529 - 0605 682.5 53°.8 N 10°.3 E 94.5 
0915 - 1009 742.9 57°.6 N L'OSTORE 100.9 


By arrangement navigators and pilots reported changes of course or height 
as soon as possible thus providing the means for the observers to verify it a 
sudden change of counting rate was to be regarded as natural or as the result 
of a break-down of some part of the monitor equipment. 


4. — The measurements. 


The intensity data were collected principally by means of the printing 


counter. The electronics were started as soon as in the usual course of pro- 
ceedings an auxiliary generator was connected to the DC mains of the aicraft. 


COSMIC RAY SOFT COMPONENT MEASUREMENTS DURING A FLIGHT ETC. 269 


During this procedure and while all air traffic routine tests were being per- 
formed the electronics of the monitor usually had ample time to attain its 
normal temperature. Measurements began at the take-off. During the ascent 
as well as during descents the number of counts during 1 minute intervals 
were read from the decade counter. As soon as the plane had reached its 
marching level the visual 1 minute observations were exchanged for such of 
30 minutes’ duration. These readings were performed as a precaution against 
a break-down of the mechanical counter. In such a case the visual 30 minute 
readings would immediately have been exchanged for 6 minute readings. 

The performance of the decade counter was.followed closely, all the time 
making it possible to observe, without too serious a loss of time, any trouble 
which might develop. These precautions were followed throughout the whole 
flight although it soon became apparent that the performance of the monitor 
and its electronics was good during all prevailing flight conditions. Trouble 
developed only twice. In the first instance it was of small importance. Before 
the start from Anchorage the low temperature in the aircraft had caused some 
dimensional changes in the mechanical counter with the result that it had 
got stuck. Thanks to the general increase in temperature this trouble was 
overcome before the plane reached its marching level. 

The second trouble was of a more serious kind. It was caused by moist 
tropical air entering the plane during the descent at Manila. Moisture then 
condensed on the insulators of the connector box, resulting in the loss of a 
dozen 6 minutes intervals. In Bangkok the same trouble started once again 
but in this place it was possible to procure some hygroscopic material to keep 
the moisture at bay. 

The paper strips from the flight recorder were developed in Stockholm 
at the laboratories of the Scandinavian Airlines System. They were read by 
means of calibration diagrams provided by the manufacturer. 

The performance of the neutron monitor itself was tested by means of a 
RaBe-source. The first test was made after mounting the monitor in the 
aircraft on the evening before the start. The second test was undertaken 
immediately after its arrival in Stockholm on “the return flight. Both tests 
agreed within the statistical fluctuations of the 6 “minutes registration intervals. 


5. — The barometer coefficient. 


To determine the barometer coefficient of the monitor two flights were 
undertaken over the middle of Sweden. The records from both these flights 
show the logarithm of the counting rate to be a rectilinear function of the 
atmospheric pressure (Fig. 3). The first flight (May 8, 1956) resulted in a 
comparatively high value, — 0.00786. The second flight (Jan. 9, 1957) gave 
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a value of — 0.00738. The latter value has to be considered as the most 
reliable one, as at that time the new neutron monitor in Uppsala provided 
facilities for verifying that no single events interfered with the measurements. 
However, the difference between the two sets of measurements depends mainly 
on three observations made at comparatively low altitudes during the first 
flight (pressure > 700 mb). The statistical fluctuations are big. Disregarding 
the corresponding three points in Fig. 3 it becomes natural to draw the dotted 
line through the remaining five. Evidently, this line is parallel, or nearly 
parallel, to that resulting from the second flight. Thus both the flights seem 
to yield a value which is practically equal to that generally accepted. 
During the flight around Asia and Europe few opportunities offered them- 
selves for determination of the barometer coefficient, the aircraft keeping to 
the same height during each section of the flight. However, before the descent 
to Kallax airfield (65°.5 N, 22°.1 E) the plane flew along a pressure surface 
of (561.1 +1.5) mb and between Kallax and Tromsò (69°.7 N, 19°.0 E) it 
flew along another pressure surface of (668.8 41,2) mb. Combining these 
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Fig. 3. — The counting rates as functions of the atmospheric pressures during two 


flights over the middle of Sweden. 


values with the corresponding counting rates a coefficient of — (0.00751 -+- 
-+0.000 28) is found. 

An attempt was made to correlate the counting rate with the atmo- 
spheric pressure during descents and ascents, the counting rate being read 
visually, as already mentioned, during 1 minute intervals. For the transit 
from Scandinavia to Japan the separate values are comparatively consistent, 
giving an average of — (0.0073 + 0.0003). In many other instances the cor- 
relation between counting rate and pressure is comparatively good although 
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the value of the coefficient varies considerably from case to case even at the 
same latitude. 

Everything considered it was decided that the generally accepted value 
of — 0.737 per cent/mb should be used in the calculations. 

It is perhaps unnecessary to remark that owing to the magnitude of some 
of the pressure differences the exponential formula has been used exclusively 
for correcting the observed values. 


6. — Numerical treatment. 


The number of counts for every single 6 minutes period was corrected 
separately for variations in atmospheric pressure. 590 mb was selected as 
the normal pressure level as this offers comparatively small corrections for 
the major number of measurements. In the polar region the sum of eight 
6 minutes intervals was found to correspond to positions spaced approximately 
3° apart. The same division into 48 minutes intervals was then followed through- 
out the whole investigation. In some cases, however, it turned out to be 
inconvenient to group the 6 minutes intervals in numbers of eight. Then, 
for the sake of standardization, the total number of counts has been converted 
into that of a 48 minutes interval. 

The geographical position was calculated for the center of each 6 minutes 
intervals. The positions listed in Table I are the means of those of the 6 mi- 
nutes intervals constituting each 48 minutes period. This way of averaging 
is quite satisfactcry considering the accuracy with which aircraft positions 
can be determined on long transocean flights as well as compared to the 
statistical fluctuations. 

The barometer readings from the flight recorder were carefully averaged 
for each 6 minutes interval. There are some cases of rather large pressure 
variations within such an interval. However, comparisons within adjacent inter- 
vals having very small pressure variations do not indicate any decrease of 
accuracy due to the averaging in cases of large variations. 

The statistical fluctuations amount to 1.0% in the polar region and increase 
to 1.8% for latitudes with a minimum counting rate. The maximum error 
introduced by the barometer reading is perhaps 0.4% for single 6 minutes 
intervals. As it decreases through the summation of intervals it will usually 
be considerably less than 0.4%. However, in cases of pressures differing very 
much from 590mb an error of unknown magnitude might be introduced 
through the assumption that the barometer coefficient is independent of lati- 
tude. Thus, in the polar region the limit of errors can be put at 1.5%, increasing 
to 2% in the region of minimum counting rate. 

In case of major variations in the number of incoming primaries corrections 
could be computed by comparison with the registrations from two neutron 
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monitors on the ground. One of them is the new monitor in Uppsala, Sweden. 
The other one is that at the corona observatory on Mt. Norikura, Japan. 
According to the latter the variations in primary intensity are negligible, being 
less than one per cent during the whole flight. As compared to the statistical 
fluctuation of the airborne monitor the Uppsala values also indicate a constant 
inflow of primaries during each one of the periods February 16-19 and 
February 26-28 separately. However, the average counting level of the latter 
of these two periods is 2.7% higher than that of the former. 

At present the difference between the two monitors is a riddle. Owing 
to the considerable altitude the counting rate of the Mt. Norikura monitor 
is more than four times that of the Uppsala monitor. This turns the former 
into a first order reference instrument. However, the variation indicated by 
the Uppsala monitor is five times the statistical fluctuations and it cannot be 
disregarded. Anyhow, corrections are apparently not to be applied to any 
values except those of the later part of the return flight. Neglect of such 
a correction increases the uncertainty of these values from 1.5 to approxi- 
mately 4%. Not knowing the reason for the difference displayed by the two 
monitors the latter course has been followed. 


7. — The results. 


Considering the general interest shown all determinations of the latitude 
effect the counting rates corrected for barometer effect are listed in Table I 
together with time intervals, average pressures, and positions. Figs. 4-7 offer 
a more comprehensible material for discussion. They are drawn so as to cover 
every point during the whole flight. Figs. 4-6 overlap to some extent. 

Fig. 4 describes the variations during the flight over the polar region 
including Northern Europe and Alaska. It is drawn in an unorthodox way, 
the latitudes being plotted for eastern and western longitudes separately. 
This has been done to simplify comparisons between the two halves of the 
transit. The unexpectedly high counting rate over Scandinavia catches the 
eye immediately. One would expect the fairly constant counting rate cha- 
racteristic of the polar region slowly to develop into a slope towards the well- 
known knee of the latitude effect. It is therefore necessary to discuss the 
possibility of any systematic error being present. 

From the table we find that the most extreme counting rate was found 
during the first part of the flight at an altitude exceeding that over the polar 
sea. It is therefore natural to suppose that an error has been introduced through 
an inaccurate value of the barometer coefficient. However, the next run of 
the aircraft flown at an altitude considerably lower than that over the polar 
sea resulted in as extreme a counting rate as in the former case. Moreover, 
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as already mentioned, from the two runs at different altitudes a value of the 
barometer coefficient can be calculated which is not at variance with that 
generally accepted. Turning to the counting rate at latitude 57°.6 N we find 
it higher than ought to be expected for this altitude. Nevertheless the value 
fits very well into the general tendency displayed by the values corresponding 
to latitudes 51°.9 N and 53°.8 N as well as with the high counting rate measured 
12 days earlier ove the northern part of Scandinavia. It would certainly have been 
far better to have several more points to define this part of the curve, but 
owing to the frequent visits to airports most of the distances flown at a constant 
altitude became too short for yielding more than one point of measurement. 

It has also to be taken into consideration that the airborne monitor has 
too small a paraffin shield for a complete protection against external neutrons. 
Therefore, neutrons produced in the fuel of the aircraft would account for an 
excess counting rate during the early stages of a flight. Later on the number 
of external neutrons would decrease with the consumption of fuel. However, 
the effect ought to reappear after every refuelling. It should have been as 
prominent after the departure from Anchorage as after the departure from 
Stockholm. Accordingly, this explanation has to be abandoned. 

It becomes necessary once again to take up the question of the difference 
in counting rate shown by the Uppsala monitor. If a correction is introduced 
for this change in counting level it would not in any way diminish the « hump » 
in the curve of Fig. 5. The three points below 60° recorded during the return 
flight would only be displaced so as to increase the gradient of the slope. 
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Fig. 4. — Diagram showing relative counting rates over the polar cap and adjacent 
regions. 


Thus, at the moment no explanation can be given of the high counting rate 
over Northern Europe. Further investigations are indicated. 
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Fig. 5. — The relative counting rates during the eastern part of the flight. 


Figs. 5 and 6 show the shape of the knees at longitudes 9° E and 177° E. 
The former is very well developed while the latter exhibits the meeting of two 
slopes which do not differ very much as to angular coefficients. As is to be 
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Fig. 6. — The relative counting rates during the western part of the flight. 


COSMIC RAY SOFT COMPONENT MEASUREMENTS DURING A FLIGHT ETC. 
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expected the geographic latitudes of the two knees show a considerable dif- 
ference, the knee at longitude 9° E falling at latitude 47° N and that at 177° E 
falling at 54° N. 

Owing to variations in the rigidity of the primary particles the latitude of 
the knee varies with time. Despite this a comparison can be made between 
the positions of the two knees as in the present case the lapse of time between 
the two measurements is very short. In addition the registrations from both 
the stationary monitors show sufficiently constant values to make such a com- 
parison permissible. For that purpose the points of measurement have been 
referred to geomagnetic co-ordinates. It is an open question if in this case 
the new cosmic ray magnetic co-ordinates as recommended by Rose et al. [3] 
should be preferred to conventional geomagnetic co-ordinates. However, for 
a first survey the latter will suffice as a first approximation. 

In Fig. 7 the counting rate has been plotted versus geomagnetic latitude. 
In such a diagram the longitude ought not to play any part regarding the 
position of the points of measurement. Nevertheless all the points of the 
« western » part of the flight are definitely displaced relative to those of the 
«eastern » part. This is a further indication that the conventional geomag- 
netic co-ordinates constitute only a first approximation where cosmic rays 
are concerned. Once more considering the discrepancy between the two re- 
ference monitors it has to be noted that a correction according to the Uppsala 
monitor should emphasize the shift between the two curves of Fig. 7. 
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Fig. 7. — The relative counting rates referred to conventional geomagnetic co-ordinates. 


As is to be expected the two knees coincide far better as to latitude, the 
knee at 9° E geograph. long. being located at 46° geomagn. lat. and that at. 
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177° E geograph. long. being located at 47° geomagn. lat. It has to be noted, 
also, that the first one of these two knees is changed in a remarkable way by 
the transformation to geomagnetic co-ordinates. It becomes so faintly developed 
as to seem to be on the verge of disappearing. At the same time the region 
of abnormally high counting rate appears still more pronounced. 


I am deeply indebted to the Scandinavian Airlines System and its directors 
for making it possible to carry out this investigation. 

My thanks are extended to the technicians of the SAS workshops and to 
the pilots and navigators for their never-failing interest and help. 

I also welcome the opportunity to thank my two untiring comrades on the 
flight: Mr. OLE EDVARDSEN, who had the responsibility of trimming the 
electronics and shared with me the task of supervising the performance of the 
equipment; Mr. Sten LvHoLm of the SAS company, who took care of the 
power supply and the flight recorder. 

I am also indebted to Dr. C. T. ELvey, Fairbanks, Mr. STEVE BARNES, 
Anchorage, and Professor Y. MIYAZAKI, Tokyo, for preparing repair facilities 
in case anything serious should have happened to the monitor equipment. 

The investigation presented here is part of a cosmic ray project sponsored 
by the Swedish Natural Science Research Council and the Swedish National 
Committee for Geophysics. 
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1. — Since cosmic ray particles begin to interact with the terrestrial mag- 
netic field at considerable distances from the earth, these particles provide 
important information concerning the description of the magnetic field ex- 
tending beyond the surface of the earth. In earlier publications we have discus- 
sed the unique properties of the relationship between magnetic fields and 
cosmic ray intensity measurements in the equatorial zone. We have defined 
the line of minimum cosmic ray intensity around the earth as the effective 
geomagnetic field equator for cosmic ray particles (The « cosmic ray equator »). 
Experiments initiated in 1954 were concerned with the following basic ques- 
tions regarding the terrestrial field. Is the magnetic field which interacts with 
cosmic ray particles adequately represented by: 

a) the centered, or eccentric dipole approximation derived from the 
spherical harmonic analysis of surface magnetic field data? (+) or 

b) the Local measured fields at the surface of the earth, or 

c) for example, partly by a distribution above the earth’s surface which 
arises from the interaction cf the rotating permanent field with the ionized 
medium around the earth? 


The first of these questions was clearly answered at Guanajuato by showing 


(*) Assisted in part by the Office of Scientific Research and the Geophysics Research 
Directorate, Air Force Cambridge Research Center, Air Research and Development 


Command, U.S. Air Force. 
(+) See, for example, the analysis of Gauss, CHAPMAN and BARTELS, etc. 
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that the effective equator for cosmic rays was not represented by the classical 
equator derived from geomagnetic dipole field analysis [1] and that these dif- 
ferences extended to intermediate latitudes as shown by the longitude effect. 
At that time we used a sine curve on a Mercator projection to represent 
the available data. The answers to questions b) and c) remain, and to inves- 
tigate the matter further we have recently undertaken additional experiments. 
The analysis of the data is not yet complete but, because of current interest 
in these questions, we give here some preliminary results of the measurements. 


2.- A nucleonic component monitor composed of two separate detectors 
and recording circuits was transported by aircraft at constant pressure altitude 
(corresponding to 18000 feet altitude) around the equator according to the 
route described in Fig. 1. 
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Fig. 1. — Route of aircraft carrying neutron intensity monitor at 18000 feet pressure 
altitude. The solid line portions of the route correspond to the latitude curves shown 


in Fig. 2. 


The elapsed time for the 12 equatorial crossings was 45 days, during which 
time there were only small primary cosmic ray intensity variations. Corrections 
for these variations were provided by the neutron monitor data at Huancayo, 
Peru. Preliminary latitude curves derived from the 12 equatorial crossings are 
given in Fig. 2. From these data both the equatorial longitude effect and the 
position of the minimum cosmic ray intensity as a function of longitude 
may be investigated. 
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A) The longitude effect at the 
equator. — The intensity at the mini- 
mum of each latitude curve in Fig. 2 

yas measured for 12 longitudes. The 

deviations from mean intensity around 
the earth are shown in Fig. 3. This 
is the longitude effect at the effective 
The following 
points are of special interest. 


geomagnetic equator. 


1) There is a remarkable sym- 
metry in the curve. The maximum and 
minimum intensities are nearly 180 
degrees apart and the areas under the 
two halves of the curve are approxi- 
mately equal. There are no large con- 
tributions from functions which have 
a period different from 2z. 


2) The peak to peak ampli- 
tude is 25%. This demonstrates that 
the equivalent magnetic center of the 
earth is eccentric with respect to the 
axis of rotation. A preliminary cal- 
culation gives approximately 300 km 
as the separation of the magnetic and 
geoid centers. 


3) The peaks of the curve are 
displaced approximately 40 degrees 
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Fig. 2. — Latitude curves for the 12 equa- 

torial crossings shown in Fig. 1. These 

curves have not yet been corrected for 
the longitude effect. 
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the equator. (See Fig. 1). 
Atlhough we have not yet 
corrected for this effect, the 
tentative location of minima 
shown in Fig. 2 is plotted in Fig. 4. A smooth curve was drawn to represent 
the principal features of the «cosmic ray» equator derived from the new data. The 
amplitude shown in Fig. 4 is substantially less than given by the geomagnetic di- 
pole approximation The intersections of 
the curve with the geographic equator are 
not 180 degrees apart. If this curve were 


ray equator. Experimental points have not been 
corrected for the longitude effect. 


A 3 0 Meridian PI 
to represent the surface points common A” 


to a plane intersecting the earth, then 
the results shown here imply that the 
equatorial plane of the magnetic field does 
not pass through the geoid center. In 
Fig. 3 we show how this asymmetry in the 
Mercator projection in Fig. 4 might be 
represented. Of course, the represent- 
ation of the data by a plane is rough, and 
Fig. 5 is not to scale. 
At Guanajuato we showed how the Vigone Ting cene eno] ee 
cosmie ray results compared with both 
the eccentric dipole field equator and the magnetic dip equator for the 1945 
magnetic survey [1]. In Fig. 6 the same curves are shown for comparison 
with the new data. 

Returning to the three questions raised in Sect. 1, the new experimental 
results reported here illustrate conclusively that the traditional description of 
the geomagnetic field by spherical harmonic analysis does not represent the field 
distribution important for cosmic ray particles. It also appears that the ob- 
served surface fields—although in much closer agreement with the location of 
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the «cosmic ray » equator—do not completely describe the effective field distri- 
bution. If so, there remains the question of how important are external fields 
which might be derived, for example, from the rotation of the earth in an 
ionized medium. 
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Fig. 6. — A comparison of the cosmic ray, dipole and dip equators. 


The preliminary character of the results shown in Fig. 2 and 4 should be 
emphasized. A full account of these measurements and their interpretation 
will be published later. 


It is a pleasure to thank Mr. JoHN BuTLER for undertaking the instal- 
lation and maintenance of the apparatus, and for assisting in the measurements 
during the flights. The support of the Strategic Air Command, U.S.A.F., 
was most impressive, and the organization of the expedition by Major GEORGE 
Orr and his staff was deeply appreciated. We are furthermore indebted to 
the officers and men of the Strategic Air Command for the excellent execution 
of the flight program. 


Note added in proof. 


P. RorawELL has suggested [2] that the cosmic ray intensity distribution is deter- 
mined only by the surface magnetic fields, taking into account the new 1955 magnetic 
equator instead of the 1945 dip equator [1]. In order to compare our new « cosmic ray » 
equator curve from Fig. 4 with the 1955 dip equator, we have plotted this dip equator 
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Fig. 7. — A comparison of the preliminary cosmic ray equator with the 1955 dip equator. 


using co-ordinates published by the Hydrographic Office, U. 8. Navy, which are almost 
identical with the Admiralty Charts used by RorHmweLL. The curves are compared 
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During the period from November 1956 to April 1957, measurements of 
cosmic-ray nucleon and meson components were made on the ice breaker 
Soya throughout the voyage to and from the Antaretic. Go and return 
routes of Soya were nearly the same as shown in Fig. 1. 

Absolute intensity of the neutrons observed at the high latitude was about 


È sa 
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Fig. 1. — The voyage course where cosmic-ray measurements were carried out. 


8000 counts per hour. The meson component was observed by Neher type 
ionization chamber. Day to day variations of neutron intensity are shown 
in Fig. 2. 

The data obtained were reduced to the relative intensity using the natural 
logarithmic representations and were corrected for the barometric pressure 
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by the coefficient of — 0.77%/mb. Then the correction for the world-wide 
intensity variations was made using the neutron data of Huancayo (*), Mt. 
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Fig. 2. — Day-to-day variations of neutron intensity. 


Norikura, Mexico (*) and Chicago (*), but only by the data of Mt. Norikura 
after Mar. 22, 1957. 
The latitude effect thus obtained was 59°% as shown in Fig. 3. 
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Fig. 3. — Variations of cosmic-ray intensity against the geomagnetic latitude. 


Detailed analysis of this curve and the results of the meson component 
measurements will be reported in near future. 


(*) Kindly furnished by Prof. J. A. Simpson of Chicago University. 
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1. The correlation between cosmic radiation and geomagnetic activit 7. 


11. Introduction. — The study of electromagnetic phenomena like the mag- 
netic storms, aurorae and certain types of cosmic ray effects like the 27-day 
variation in intensity are of importance for the proper understandi~g of the 
interplanetary electromagnetic state. Solar activity appears to influence the 
electromagnetic conditions in interplanetary space to a considerable extent. 
Hence changes in solar activity during its eleven year cycle would be revealed 
in the above effects attributed to the interplanetary beams or clouds. 

The relation between the transient behaviour of the geomagnetic field and 
cosmic ray intensity has been engaging the attention of a number of people. 
It is clear from all these studies that the connection between the two is rather 
complicated. The extensive work of FoRBUSH [1], Hess and DEMMELMATR [2], 
Hocc [3], SeKrpo [4], YosHIDA [5] and others reveals that there is a relation- 
ship between the two. On the other hand the careful studies of SIMPSON [6] 
and CHASSON [7] show cases where there seems to be a lack of association bet- 
ween the two. The lack of a detailed correspondence between the two phe- 
nomena has been pointed out by DoLBEAR and ELLior [8] and TRumpy [9]. 

Moreover while Simpson [6] and KANE [10] find that the A, maximum 
(or minimum) follows the corresponding one in cosmic ray intensity by about 
4-6 days, VAN HEERDAN-THAMBYAH PILLAY [11] observe that it precedes the 
cosmic ray intensity maximum (or minimum) by about 5 days. The author 
from a study [12] of the Carnegie Institution data [13] for about 20 months 
during 1945-46, obtained results agreeing with the former two. The studies 
cover different periods and so it is an open question whether a change in the 
relationship of the K, maximum (or minimum) and cosmic ray one occurs 
during the solar cycle. It is the purpose of this paper to study this as well 
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as the connection between cosmic ray activity and geomagnetic activity at 
least during one complete solar cycle. 


The beam model: ALFV N has invoked beams emitted from the solar sur- 
face, with a magnetic field frozen in the beam and an electric field arising from 
polarization effects. The field frozen in the beam derives from the solar field. 
The direction of the electric field is in the direction of rotation of the sun. 
The electric field according to him is the most important property of the beams 
and on this basis has explained the essential features of magnetic storms and 
aurorae. He has further pointed out that the cosmic rays could be decelarated 
in the electric field of the beams and the relative decrease in intensity per day 
could be expressed in terms of this electric field. Hence it would be reasonable 
to expect a certain measure of similarity between the changes in this relative 
decrease and the changes in electric field as revealed by the geomagnetic dis- 
turbance. (The latter could be expressed in terms of the international planetary 
index K,). This would be completely true provided the deceleration in the 
electric field of the beams is the only important effect in cosmic rays. But 
there seem to be two other effects connected with cosmic rays as pointed out 
by ALFV:N [13-d]. 

The international planetary index X,, a reliable but arbitrary standard 
could be used as a measure of geomagnetic activity. Eight three hourly values 
of A, are available for each day. One could either use the sum of these eight 
values or the highest of these eight as a measure of the geomagnetic disturbance 
for any day. In general the two reveal very good correspondence. The latter 
has been used in the present analysis. 


12. Analysis and results. - The well known Chree method of analysis has 
been adopted. This consists in superposing data of days exhibiting a maximum 
(or minimum) value. One could choose, say, five days for each month. The 
method is free from any preconceived ideas about the length and significance 
of the recurrence tendency. The analyses have been carried out for each year 
during the period 1937-55, using the daily mean cosmic ray intensity ag re- 
corded by the ionization chamber at Huancayo. The analyses for each year 
have been done corresponding to beth five maximum and five minimum in- 
tensity days per month, and the difference determined. This method of taking 
the difference curve removes any seasonal effects as well as any errors due to 
systematic instrumental drift, which are expected to be of the same order in 
both the analyses. The same «zero days » or chosen maximum (or minimum) 
intensity days for cosmic rays are used for the analyses of the geomagnetic 
material. 

Only data involving major breaks of five days or more have been neglected. 
Otherwise interpolation has been made to obtain values for the missing days. 
Table I gives the number of days chosen for each year. The analyses have 
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been carried out for 60 days on either side of the zero days. In the final curve, 
each point corresponding to the average of three days is plotted as is usually 
done in these analyses. 


TABLE I. — Periode used for Chree analysis in each year with the number of zero days 
in each year. 
| N. of zero days | | N. of zero days 
Year Dared with period from | Yaar Poot | with period from 
which the days | which the days 
are chosen | are chosen 
1937 Jan.-Dec. | 50. March-Dec. 1947 | Jan.-Dec. | 60. Jan.-Dec. 
1938 » 60. Jan.-Dec. || 1948 Jan.-Dec. 60. » 
1939 | > | 60. > | 1949 | ) 60.» 
1940 » 60. » | 1950 » 60. » 
1941 | > 60. » 1951 ) 60. ) 
1942 | » 60. » | 1952 » 60.» 
1943 | Jan.-Sept. | 35. Jan.-Jul. | 1953 » 60. » 
1944 » 35. > | 1954 | > 60.» 
1945 | Jan.-Dec. .| 60. Jan. Dec. | 1955 | ) 50. Jan.-Oct. 
1946 | » 60. » | | 


The correlation coefficient, y,, between the cosmic ray intensity, I, and 
the index of geomagnetic activity, K, is calculated. Similarly the correlation 
coefficient, y,,, between the relative decrease in intensity per day, 
— AI/I-At, and K, is also determined. Both these correlation coeft:cients 
reveal changes during the solar cyele. 

It is observed that there are cases during the solar cycle when K, precedes 
the cosmic ray peak, and cases when K, follows the cosmic ray peak. The 
results for the entire period is summarized in Table IT. It can be seen from 
the same that for the period 1950-1954, K, has been consistently earlier than 
the correspondingly cosmic ray peak. The only year when it is not uniquely 
clear, is 1951, since there are two peaks, one before and one after. But even 
here, the predominant one is earlier agreeing with the general conclusions 
reached. 

It could be summed up that during the rising part of the solar cycle and 
possibly during the earlier part of the fall in solar activity, the K, maximum 
(or minimum) follows the cosmic ray one after about 4-6 days. These cases 
would correspond to cases of deceleration in the electric field of the beams 
causing the geomagnetie disturbances. 

The years when A, precedes could mean that the electric field involved 
is in the opposite direction, thereby producting an acceleration instead of 
deceleration. The question of a reverse electric field has to be confirmed from 
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TABLE II. — Occurrence of K, peaks with respect to cosmic ray peaks. 
| | 
| Year K, peaks 
| 
| 1955 Not clear. One peak 3 days after and one 6 days before. 
1954 | 6 days before. 
1953 | 6 days before. 
| 1952 | 5-6 days before. 
1951 One predominant 9 days before and one 9 days after. 
1950 6 days before. 
1949 4 days after. 
1948 5-6 days after. 
| 1947 3-4 days after. 
| 1946 | 5-6 days after. 
1945 | 4 days after. 
1944 | One 12 days before and one 10 days after. 
| 1943 | One 6 days before and one 6 days after. 
| 1942 | One 9 days before and one 9 days after. 
| 1941 | One 6 days before and one 6 days after and 15 days before and 
| | one 15 days after. 
| 1940 One 15 days before and one 15 days after. 
| 1939 6 days after. 
1938 One 12 days after and one 14 days before. 
| 1937 6 days after. 


other evidence as well, say geomagnetic disturbances and aurorae. This work 
is being taken up. It should be mentioned that the whole phenomenon could 
be complicated by two other effects, viz. the magnetic field effect and the 


capture effect as pointed out 


cs, IH lh va, eres by ALFVEN [13-d]. 
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The top curve refers to the cosmic ray intensity, I, the middle curve 
to K,, and the bottom one to the relative decrease in intensity, — AI/I-At per day. 


THE 27-DAY VARIATION IN COSMIC RAY INTENSITY 289 


decreases. The top curve corresponds to J, the cosmic ray intensity, the 
middle one to A,- and the bottom one to — AI/i At, tire creative detiease 
in intensity per day. The bottom curve is reversed and plotted to show the 
correlation with X, better. The analysis corresponds to minimum intensity 
days, for Huancayo (H), Cheltenham (C) and Godhavn (G), the days for all 
the analyses including the geomagnetic data, being chosen from Huancayo. 
The negative correlation between J and 
K,, and the positive correlation bet- 
ween — AI/I-At and K, is easily seen. 
The present analyses have been done 
to study these correlations over each 
year for at least one solar cycle, to 
see whether these results are observed 
over long periods. 

Fig. 2 shows the variation of solar 


activity over the years as revealed by 
R, the annual mean sunspot number, 
a measure of the variation of the 


geomagnetic disturbances each year 
as revealed by the sum of the A, 


maximum corresponding to the 60 Sa Bi 

most disturbed days fer each year, 0 È 
the correlation y,,, between J and =e 
K, and the correlation y,,, bet- °5 

ween — AIJI-At and K,. The cor- 36 = 40 Li 48 52 56 


relation is carried out corresponding Fig. 2. — Changes in the correlation y, 
to 15 days on either side of the « zero between J, the cosmic ray intensity and K.,,, 
the correlation yy,x between — AI/I-At, 
the relative decrease in cosmic ray inten- 
f oid sity per day and X,, during the solar 
intensity values. This restriction to ¢yele, R represents the annual mean 
+ 15 days is done in order to avoid — sunspot number. On the same figure are 
the disturbance due to secondary also plotted the sum of the A, maximum 
values corresponding to 60 most disturbed 
days, for each year. 


days ». which are the chosen days 
exhibiting maximum (or minimum) 


27-day sequences which are often 
observed separated by about 14 days 
from the previous sequence. But it 
should be pointed out that even if the correlation is carried out corresponding 
to + 54 days, the general nature of the results is not essentially altered. 

The years 1943 and 1944 have data missing during the whole month of 
October, which restricts the analyses to seven months instead of twelve months 
as in other years. Hence a circle has been put around the values for these years. 

It can be seen that the geomagnetic disturbance does not follow the solar 
activity always and shows a departure during 1946-52. This would be con- 
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sidered later. The correlation between J and /, is in general high and nega- 
tive, being about — 0.8 for the period 1937-55, omitting 1943 and 1944 for 
reasons mentioned carlier, and the years 1952-55. The lowering of the cor- 
relation appears around the minimum solar activity period. If one observes 
into greater details, it seems that this correlation follows the measure of the 
geomagnetic disturbance. 

The correlation between — A//I-At and K,, which gives a measure of the 
correspondence between the deceleration effect of cosmic rays in the electric 
field and geomagnetic disturbance, is in general positive and about +0.5 for 
the period except for the years 1949-54. Its sign is even reversed for 1951-54. 
These are the years when X, was observed to be consistently earlier than 
cosmic rays, pointing out a possible acceleration instead of deceleration. These 
need further study. But it appears that the deceleration in the electric field 
seems to be predominant in most of the years, altough there couid be exceptions. 


2, — Amplitude of the 27-day variation in cosmic ray intensity: (*) 


Since the recurrence phenomena are attributed to the beams, it would be 
natural to look for a relation between the amplitude of the 27 day variation 
and solar activity. MEYER and SIMP- 
SON [16] have reported a progressive 
decline of the amplitude of the neut- 
ron intensity over the years 1951-53, 
which would be expected from the 
decreasing solar activity. From an 
analysis of the Carnegie Institution 
data from 1937 to 46 and neutron 
data from the latter half of 1951 to 
1953, they have pointed out that the 
amplitude appears to follow the solar 
eycle, as revealed by the sunspot. 


number. 
* Fig. 3. — Recurrence tendeney in cosmic. 
Ilo, 3 } ray intensity at Huancayo as revealed by 


Chree analysis for the years 1938, 48, 51 
and 52. The ordinates represent the inten- 
sity in percent and the abscissae the inter- 
0 30 60 val in days. 


(*) This part of the manuscript dealing with the amplitude of the 27-day variation 
is awaiting publication in a detailed form in Tellus. 
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The following features emerge from the present study. The recurrence 
tendency undergoes changes during the solar cycle and there seems to be 
consistent changes even in the period of the recurrence tendency from 30 to 
27 days. The recurrence tendency near the 27 day is most pronounced in the 
years 1938, 1948, 1951 and 1952. While the former two years correspond 
to periods of high solar activity, the latter two correspond to epochs near the 
end of the solar cycle. The minimum solar activity was during the year 1954. 
It can be seen from Fig. 3 that 1952 reveals the most prominent recurrence. 
tendency about the 27-th day. 

A comparison is made in Fig. 4, between the changes in solar activity as 
revealed by R the mean sunspot number, A, which is half the difference between 
the 0-th day and 14-th day, and which 
could be taken as a measure of the 
amplitude. On the same figure is plot Ge var CLI 


A Ot) (0) 


Yo |% 

ted o (tracking), defined by MEYER 
and Simpson [16] as a measure of the Ono 
worldwide 27 day variation. In their los 20 

analysis, MEYER and SIMPSON remove 
: +02 1.0 

some periods from the data, namely 
those containing temporary increases o +0 


percorre ela i Zen ie 
due to solar flares, and Forbush de- 37 3961 (43 45 47 0 51 53 55 
creases, which they consider to be dif- Fig. 4. — Comparison of the amplitude 


ferent from the 27 day variation. In of the 27-day variation in cosmie ray 


this analysis, since only data from intensity during the solar cycle. RF refers. 
: to the mean annual sunspot number, A, 


en cayeratesised, wierenno Mare. nr which is a measure of the amplitude of 
creases are observed on 28-th February the 27-day variation as determined in 
1942, and 26-th July, 1946, no data this analysis and o(t), a measure of the 
have been deleted. Since we consider world wide 27-day variation as defined 
that the Forbush decreases differ only by Meyer and Simpson [16]. 

in the matter of degree, we have not 

deleted this either. There is close agreement between the results of this. 
analysis and the analysis of Mmymr and Simpson in spite of differences 
in the method of choosing data and analysis, for the period for which 
their analysis is available. So we expect that the same agreement is 
likely to be there if their analysis had been available for the intermediate 
period. 

The good agreement between solar activity as revealed by sunspot number 
and the amplitude of the 27 day variation in cosmic ray intensity for the 
periods 1937-46 and 1952-55, breaks down during the intervening period. 
While the solar activity goes further up after 1946, the amplitude decreases, 
so that we have a minimum in the amplitude for the year 1948 when solar 


activity is almost at its highest. 
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It would be extremely interesting to find out whether this breakdown in 
the relationship during 1946-52, is reflected in any other effects attributed 
to the beams, say, geomagnetic disturbances. The sum of the A, maximum 
values for the 60 most disturbed days in each year could be taken as a measure 

of the geomagnetic disturb- 
R ance in each year. This is 
shown in Fig. 5 along with 


î, , 2 Solar activity and the ampli- 
20 cas tude of the 27 day intensity 
variation in cosmic rays. 
20 395 It is clearly seen that they 
show essentially the same 
io dygg ee BOFteat departure from solar 
activity as exhibited by cos- 
o dogs  Micrays. The period 1946-52 


needs a careful study from 
various viewpoints, Viz., CO$s- 
mic rays, geomagnetic storms, 
aurorae, ete. This result draws 


Fig. 5. — Changes in A, the amplitude of the 27-day 

variation in cosmie ray intensity and geomagnetic the attention that the ampli- 

disturbances as represented by the sum of 4, tude of the 27 day variation 

maximum on the 60 most disturbed days during 

the solar cycle. The solar activity is represented by 
R, the mean annual sunspot number. 


in cosmic ray intensity is more 
closely connected with geomag- 
netic activity rather than with 
solar activity. 

As a tentative explanation for the departure from solar activity, it may 
be suggested that there is some sort of saturation of the electromagnetic con- 
ditions in interplanetary space. It is possible 
that the beams, to which could be attributed the 
unusually heavy activity in 1946 lasting for about 
six months, have transported the major quantity 
of the available flux. Hence, although the solar 
activity goes up, further emission of beams 


would have a comparatively weaker field to trans- 


port. The electric field would therefore be weaker È 
p 


and so it seems reasonable that immediately 380 x ego 
i x * x x ox 
tà x 
LI 
340 Cs 
x 
Fig. 6. — Relation between the amplitude of the 27-day n è 


variation in cosmic ray intensity and the geomagnetic pl R 
i ) aps peaks 3005-20 20-60-80 100 1010 Teo 
disturbances as represented by the sum of A, max- 
imum on 60 most disturbed days on one hand and the solar activity as represented 
by R&, the mean annual sunspot number, on the other. 
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after 1946, there is a decrease in the geomagnetic disturbances. The gradual 
resetting of the disturbed solar field starts, so that after 1948, the electric 


field becomes stronger and this is 
reflected in the increase in the ampli- 
tude of the 27 day variation in cosmic 


ray intensity and in the geomag- 


netic disturbances. From 1952 on- 
wards it again follows the solar 
activity. It would be interesting to 
look into the auroral disturbances 
during this period. 

Fig. 6 shows the amplitude of the 
27-day variation of cosmic ray inten- 
sity and the A, sums for the 60 
disturbed days for each year against 
the solar activity as revealed by R, 
the annual mean sunspot number. It 
appears that both reach a maximum 
corresponding to a value of the 
sunspot number in about the range 
80.+100, and then appear to decline 
for further rise in solar activity. This 
points to some sort of saturation of 
the electromagnetic state. 


Fig. 7.—Systematic changes in the periodicity 
of the recurrence tendency as revealed by the 
Chree analysis for years grouped according to 
solar activity. 1) refers to years correspond- 
ing to the beginning of the solar cycle, 2) to 
years when activity is maximum, 3) to years 
when the solar activity is decreasing, and 4) 
to years corresponding to end of cycle. 


A study of the recurrence period from cosmic ray evidence appears to 
indicate a certain systematic variation with solar activity. It would therefore be 


TabLe III. — Recurrence period for years grouped according to solar activity. 


Recurrence interval 


No. Group corresponding to Years combined (days) 
x 1944, 1945 : 
aioe Beginning of new cycle 1954, 1955 30 
1937, 1938 ; 
2 Maximum of activity 1946, 1947 Between 27 and 30 
1948, 1949 


1939,, 1940 


3 Fall of activity 1941 Between 27 and 30 
1950, 1951 
1942, 1943 

4 End of cycle 27 


1952, 1953 


20 - Supplemento al Nuovo Cimento. 
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worthwhile to secure evidence from geomagnetic side also. The period 1937 +55 
is divided into four groups: a) rising part of the solar cycle, b) maximum 
solar activity, c) fall of activity, and d) end of the cycle. It can be seen 
from Fig. 7 that the recurrence period is greater for the first group than for 
the others. Table III shows the grouping of the years as well as the period 
for each group. The systematic decrease in the period suggests that the region 
of production of beams changes in a systematic way with solar activity. The 
butterfly pattern of the distribution of sunspots is well known. If the region 
of production of the beams gradually proceeds downwards from a higher to 
the equatorial latitudes, then the periodicity should reveal some systematic 
variation of this type. 


3. — Daily variation of cosmic ray intensity on disturbed days. 


It has been pointed out earlier that a measure of the geomagnetic disturb- 
ance of a year could be obtained from the A, sums corresponding to the 
60 most disturbed days in each year. The daily variation of cosmic ray in- 
tensity at Huancayo corresponding to these 60 most disturbed days in each 
year has been determined for the period 1937-55. Fig. 8 shows the solar 
activity as represented by R, the sunspot number, the measure of the geo- 
magnetic disturbance for each year as represented by the X, sums referred 
above, M?, M®”, M* and M®@‘*, the amplitudes and time of maximum of 
the diurnal and semi-diurnal components of the daily variation of cosmic ray 
intensity corresponding to these 60 
most disturbed days. 

Kp M$° It can be seen that the time of diur- 
hoe = Hal maximum, MD? essentially follows 


340 4180° 
160° 
300 140° 


120° : : : Hare 
lene Fig. 8. — Changes in the daily variation of 


80° the cosmie ray intensity corresponding to 
the 60 most disturbed days during the solar 
cycle. R refers to the mean annual sunspot. 
number, X,, to the sum of the AK, max- 
imum values corresponding to the 60 most. 
disturbed days, M®? and M@* to the 
times ot maximum of the diurnal and semi- 
‘ i } i diurnal components of the daily variation 
Lf \ [ \ SI MP of cosmic ray intensity corresponding to 
x has DI Ve the above mentioned 60 days, and M? and 
NE. ery PARO : MS to the diurnal and semidiurnal ampli- 
ex M tudes of the daily variation of cosmic 

36 38 40 £2 44 46 43 50 52 54 56 i ray intensity. 
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the changes in geomagnetic activity, thereby stressing the close connection 
between the two. It is not possible to say anything so definitely about the 
time of maximum of the semidiurnal variation, M@*. But it appears that 
MÈ, the semidiurnal time of maximum follows the solar activity better than 
the geomagnetic activity, except that it reaches a minimum a couple of years 
earlier. It is to be noted that in spite of the good general agreement between 
M®° and geomagnetic activity, the change in the former from 1954 to 1955 
is much more rapid than for the latter. It is not possible to say anything 
definite about the amplitude of the daily variation. 

It has been pointed out by SARABHAI, DESAI and VENKATESAN [17], that 
the time series of the mean annual diurnal time of maximum roughly follows 
the solar cycle. This can be seen from Fig. 9. This shows that the annual 
mean diurnal variation masks the diurnal variation of the disturbed days, 
which deviates from the solar activity curve. The correlation between the 
diurnal times of maximum at Huancayo and Cheltenham has been shown to 


Var, 


& xx 


dA 
x 


1938 39 40 4) 42 43 44° 45 46 47 48 49 50 51 52 


Fig. 9. — Changes in the daily variation of cosmic ray intensity during the solar cycle 

taken from the figure in paper by SARABHAI, DESAI and VENKATESAN [17]. On the 

same are also shown the changes in the time of maximum of the diurnal component 

of the daily variation in cosmic ray intensity at Godhavn, during 1939-50. It is the 
time series of annual means shifted by every two months. 
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be +0.93. It is therefore reasonable to expect the same behaviour in the 
diurnal time of maximum on disturbed days at Cheltenham also. In Fig. 9 
the time series of the diurnal time of maximum at Godhavn is also shown. 
This shows good positive correlation with the stations Huancayo and Chel- 
tenham only for the period 1939-46 and shows negative correlation from 1946 
to 1950 up to which the data are available. Therefore it is not possible to say 
anything about the disturbance daily variation at Godhavn. 

It has been pointed out by the same authors that the correlation between the 
diurnal amplitudes at Huancayo and Cheltenham for 1940-46 breaks down 
thereafter. In view of all these large changes being observed atfer 1946, it 
is necessary to use caution in drawing any general conclusion about the period. 
The period needs special study from all viewpoints. 


4. — Conclusions. 


The following facts emerge from the study: 


1) In general there is a negative correlation between J, the cosmic ray 
intensity, and A, the planetary index, although there are exceptions. 


2) There is a positive correlation between the relative decrease in in- 
tensity, — AZ/I-At and the planetary index, A,. There are exceptions during 
the low sunspot activity period of 1949 54. 


3) The K, minimum (or maximum) is observed to precede the corres- 
ponding cosmic ray one in some years and follow in other years. But it appears 
that the latter case is generally found during the rising part of the solar cycle 
and possibly during the early fall. 


4) There is clear evidence that the amplitude of the 27 day variation 
in cosmic ray intensity follows the geomagnetic disturbance better than the 
solar activity. Both of them exhibit similar departure from solar activity 
during 1946 —52. 

5) The time of maximum of the diurnal variation of cosmic ray intensity 
on disturbed days follows the geomagnetic disturbance better than the solar 
activity. The semidiurnal time of maximum on disturbed days appears to 
follow the solar activity in a rough measure. 


The author wishes to thank Dr. FoRBUSH for unpublished data after 1946 
which have enabled this study to be made. 
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Cosmic-Ray Changes near the North Geomagnetic Pole 
from 1954 to 1956. 


H. V. NEHER 


California Institute of Technology - Pasadena, Cal. 


Summary (*). — Since the summer of 1954, when the sun was at a very low state of 
activity, the intensity of cosmic rays at high altitudes near the poles has been decreasing 
in accordance with Forbush’s relationship. The decrease in the numbers of primaries 
from the summer of 1954 to 1955 was only a few percent, but the decrease was approx- 
imately a factor of two between 1955 and 1956. At the middle altitudes the intensity 
was even less in 1956 than in 1937 when the sun was at a maximum of activity. 
However the ionization at balloon altitudes did not pass through a maximum in 1956 
as it did in 1937. The shape of the ionization-depth curve at atmospheric pressures 
of 10 to 100g cm-? is quite sensitive to the relative numbers of low-energy particles 
in the primaries. If protons, such particles have energies in the range 100 to 500 MeV. 
By comparing the shapes of such curves taken near the geomagnetic poles at different 
times, the presence or absence of a «knee» at very high altitudes may be predicted 
for it is Just the absence or presence of such low-energy particles that causes the pre- 
sence or absence of the «knee ». The relative numbers of low-energy (100 to 500 MeV 
protons) particles to those of higher energy do not always bear the same relationship 
to each other. Thus, on some days the numbers of low-energy particles will be higher 
than on some other days, but the numbers of those of higher energy may be less. 
The reverse situation may also be true. As to the nature of the primaries that change 
so radically with time, there is some evidence that they may be almost all protons. 
Thus, the latitude effect at high altitudes is certainly consistent with this assumption. 
Also, the experiments of the Minnesota group show an absence of low-energy «-particles 
even during the low period of solar activity in 1954. 


(*) The complete paper has appeared in the Phys. Rev., 107, 588 (1957). 
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DEL NUOVO CIMENTO 2° Trimestre 


Changes of Solar Anisotropy 
and of the Intensity of Cosmic Radiation. 


V. SARABHAI and P. D. BHAVSAR 


Physical Research Laboratory - Ahmedabad 


1 — Introduction. 


Realization has grown in recent years that the solar anisotropy of cosmic 
radiation which is detected by the measurement of the solar daily variation 
of meson intensity corrected for atmospheric influence, is of a highly variable 
character [1-8]. The solar and terrestrial relationships of the changes of ani- 
sotropy have been studied and theories have been advanced [9-11], to explain 
the creation of the anisotropy by a modulation of the cosmic ray intensity 
incident in particular directions. A confirmation of these experimental ob- 
servations and tests of the proposed models for the modulation of cosmic rays 
are of crucial significance to the theories of the origin of cosmic rays and of the 
electromagnetic state of interplanetary space. 

To undertake this task we want firstly an experimental technique which 
permits us to select days on which significant daily variations of different 
types occur. It has been shown earlier [6] that days on which the daily 
variation has a significant amplitude, can broadly be classified into three 
groups. On the so called « d » type days, the daily variation has one maximum 
near noon, on «n» type days it has one maximum early morning and on «s » 
type days it has two maxima instead of one. It is also known that the 3 dif- 
ferent types of daily variations are more clearly revealed in observations with 
vertical narrow angle telescopes, having semiangles of about 5°, than with 
ionization chambers or wide angle telescopes. Not only is the amplitude of 
the variation larger, but the separation of maxima of «d» and «n» types 
is greater for narrow angle observations than for omnidirectional studies. How- 
ever, since the magnitude of the solar anisotropy and the consequent ampli- 
tude of the daily variations changes from day-to-day, it is important to have 
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an instrument with as high a counting rate as possible so that even days on 
which the amplitude is small can be significantly classified. Therefore the 
experimental technique should involve the use of narrow angle telescopes of 
as large aperture as is possible. 

The second aspect of the study should relate to the examination of the 
worldwide character of the changes in anisotropy. While it has been shown 
that some aspects of changes in the 12-month mean anisotropy are correlated 
for a station at the equator (Huancayo) and at stations in the middle lati- 
tudes (Cheltenham or Christchurch) it has also been noticed [8] that day-to-day 
changes which are correlated for Ahmedabad, Freiburg and Amsterdam are 
not correlated with the day-to-day changes in the equatorial station of Kodai- 
kanal. Classification of days according to the nature and magnitude of the 
anisotropy occurring on each day is an important task which is meaningful 
only if changes of the daily variation exhibit certain global characteristics. 

Finally, having classified days in terms of the character of the anisotropy, 
it is worthwhile to study the solar and terrestrial relationships of the changes 
of anisotropy. For this, we can examine the values of physical quantities such 
as I, the mean cosmic ray intensity, C, the daily planetary magnetic character 
figure and the indices for solar activity on the solar disc on days of different 
classifications. 

We present here the first results of an investigation being conducted since 
July 1955 at Ahmedabad (Lat. 23°01’ N, Long. 72°36’ E, Geomagn. Lat. 13° N, 
Alt. 180 ft.). 


2 — Experimental technique. 


A cubical meson telescope conforming to the specifications of the standard 
instrument to be used during the International Geophysical Year has been 
modified to provide additional data. The instrument has three counter trays. 
of area 85 cm x85 em, each tray made up of 20 Geiger counters. The vertical 
separation of the extreme trays is 85em and 96.5 g/em? of iron are kept 
between the two lower trays. In each tray, pairs of adjoining counters are 
operated with a common electronic quenching unit. 10 vertical triple coinci- 
dence telescopes *T of semiangle 5° in the E-W plane are formed by using 
separately each pair of counters in a tray. The output of five such pairs is also 
combined and used to provide 2 vertical triple coincidence telescopes 2°T of 
semiangle 26° in the E-W plane. Finally, the triple coincidences of the 
complete trays provide the standard telescope “T of Semiangle 45° in the 
E-W plane. The semiangle in the N-S plane of all telescopes is 45°. The 
characteristics of the different telescopes are indicated in Table I. 

In practice, the records of the 10 narrow angle telescopes 5T are not sepa- 
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and 2 of 2 telescopes each. While on a large number of days data from all 
10 telescopes are available, there are a number of days when due to instrumental 


rately registered, but they are combined into 4 groups, 2 of 3 telescopes each, 


failures some of the telescopes are not in operation. When this happens the 
useful data on any particular day relate to fewer than 10 narrow angle tele- 
scopes and to one or to none of the two 26° telescopes ?°T. 


TABLE I. 
Semi-angles Number of | Bihourly Total bihourly Vo standard 
telescopes | counting rate | counting rate SSTTARICI CL 
E-W N-S available | per telescope | N bihourly ane 
î ae 100/(N)? 
Sa eee ca 10 1300 13000 2.0.9.9 a 
25° 5° 2 29000 58000 | + 0.4 % 
TANT) 46° 1 100000 100000 SOB) O% 


The satisfactory functioning of the telescopes is verified by comparison 
of the changes in their daily mean rates. For each day, a daily variation and 
a daily mean intensity for #T and ?°T telescopes is derived by averaging the 
data of similar telescopes that are satisfactorily in operation on that parti- 
cular day. The standard deviation of the data varies according to the number 
of telescopes in operation on each day. Therefore, in considering the signi- 
ficance of a variation measured on a day, we have to relate it to the standard 
deviation appropriate to the number of similar telescopes which are in operation. 

The daily variation data on each day are first corrected for the influence 
of the daily variation of barometric pressure using a coefficient of —2.2% per 
em of Hg. The appropriateness of using this coefficient has been discussed 
by SARABHAI et al. [4, 16]. The data are then harmonically analysed and the 
amplitudes and times of maxima of the diurnal and the semidiurnal compo- 
nents of 5T and 2°T are calculated. 


3 — Types of daily variations. 


In the present study, a 20 level of significance has been adopted when 
examining the types of daily variations that occur on different days. The 
amplitude and time of maximum of the diurnal component are physically 
meaningful only on days on which the daily variation curve is essentially diurnal 
in character and exhibits one principal maximum during 24 hours. Similarly 
the amplitude and the time of maximum of the second harmonic are physically 
meaningful when the daily variation is semi-diurnal in character with two 
maxima in 24 hours. By examining the daily variation formed by super- 
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position of diurnal and semidiurnal components having a ratio of amplitudes 
M”/M* ranging from 0.2 to 2.0, it is clear that when this ratio is less than 0.75 
the final curve always exhibits two pronounced maxima in 24 hours. On the 
other hand when the ratio is larger than 1.5 the daily variation exhibits only 
one maximum. 

For °T, in Fig. 1a is given the histogram showing the frequency of occur- 
rence of the diurnal maximum for each of 12 bihourly intervals of a day for 
103 days on which the diurnal amplitude M’ > 20. If we now impose the 
condition that M?/M* > 1.5, the resulting histogram is shown in Fig. 1b. 
This relates to 71 days on which we can conclude from the ratio of the ampli- 
tudes of the diurnal and the semidiurnal components that the daily variation 
has one maximum only. It is observed that by restricting attention to signi- 
ficant days which have only one maximum during 24 hours, the histogram 
clearly reveals the tendency for the diurnal maximum to occur in one of two 
preferred periods of the day, at 0700 and at 1500 hours IST. We can there- 
fore distinguish days on which the maximum of the diurnal variation occurs 
between midnight and noon from those on which the maximum occurs between 

noon and midnight. A similar 

(a) classification into «n» and «d» 

Me Ore type days was undertaken by 

SARABHAI and NERURKAR [6] 
who observed during an investi- 
gation in 1954-55, the tendency 
for narrow angle telescopes to 
exhibit daily variations with 


Gl We ae) Ae (ERT Wx) n . 
HOURS 1.5.7. RS |: one of two preferred times of 


5 . : 5 n axi a È ) ) j ne 3 = 
Fig. 1. — The distribution of occurrence of the PORSIDIA e LOrS bile ee one 
diurnal maximum for *T for each of 12 bihours  Ponent, when the semidiurnal 
of a day, (a) when MP>20, and (b) when component was small compared 
MP > 20 and M?/MS> 1.5. M? and MS are the to it. However, at that time, 
per cent amplitudes of the diurnal and the 


ai : bc the maxima occurred at 0300 
semidiurnal components of the daily variation. 


hours and at 1100 hours instead 
of at 0700 hours and at 1500 
hours respectively, during 1956. The shift to later hours of both maxima 
during the period of about two years from 1954 to 1956 is probably con- 
nected with the shift to later hours observed in the time of maximum of 
the diurnal component of the 12 month mean daily variation since the 
last minimum of solar activity in 1954. 

On days when the ratio M?/M"<0.75 and M* > 20, we have a daily 
variation which has a significant semi-diurnal component, predominating over 
the diurnal component. On such days, the daily variation exhibits two maxima 
instead of one and we can classify the day as an «s» type day. 


CHANGES OF SOLAR ANISOTROPY AND OF THE INTENSITY OF COSMIC RADIATION 303 


In order to study the nature of the daily variation on days when the 
diurnal and the semidiurnal components are of comparable amplitude, i.e. 
1.5 > M?/M* > 0.75, and the diurnal component is significant at the 20 level, 
we can consider separately the harmonic components of the mean daily va- 
riation on such days when the diurnal component has a maximum occurring 
between midnight and noon, and between noon and midnight. 

In Table II are indicated the amplitude and time of maximum of the 
diurnal and the semidiurnal components for the mean daily variations during 


TABLE II. 


| | Average percentage amplitudes and the times of 

! | Character maxima (expressed in degrees) for the Ist and the 

J n GEO 9 ARLES GETS i a . ae: 
No. | of the variation 2nd harmonie components of the daily variation. 


on each day 
MP | Mo? MS MRS | SEDI 


Ii — MZ MSA | 
| and 0.8 +0.2 120° 0.3 +0.2 —24° | DOSI 
OP MOP 180" 


M?/M*> 1.5 | | 
2 and | 0.98+0.15 | 100° | 0.12+0.15 56° | 8.2 
| OP M DO 180? 


SOT 1+2 combined MO 2 SONORO 0.06-+0.10 18° 15.1 


lio M2 EMSS 0:79 | 
4 and | 1.0 40.3. |180°#+27°% 0.4 +0.3 38° DAS 
180° < M®» < 360° | 


M»/MS>1.5 
5 and 0.90 £0.18 7/18 .°-+59°) 0.040.138 | — 9° DIL 
180° < M@? < 360° 


| 6 | 4+5 combined | 0.92 40.15 .180°452% 0.113-0.15 | 427° 8.4 
MS > 20 
ae a ee and | 0.16+0.15 110° | 0.23+0.15 48° 0.7 


MPIM ® S05 2 


the two groups of days. Also indicated in the table for comparison are the 
characteristics of the diurnal and the semidiurnal components of the « n » and 
«d» type days when M DIM > 1.5 and M? is significant at the 20 level. It 
is observed that even for days on which individually M?/M* is between 1.5 
and 0.75, the average daily variation has a ratio much larger than 1.5. This 
indicates that while on individual days we have a semidiurnal component 
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which is comparable to the diurnal component, there is no strongly preferred 
time of maximum of the semidiurnal component. In consequence, the resultant 
average daily variation for the 2 groups of days is diurnal in character. More- 
over, the time of maximum and amplitude of the diurnal component of the 
average for the two groups do not differ significantly from those of the «d» 
and «n » type days respectively where even on individual days the ratio 
M?/M* > 1.5. The days relating to the two groups can therefore be grouped 
with «n» and «d» type days respectively. In effect therefore classification 
of days can be undertaken on the following criteria: 


a) «n» type days are those days on which the daily variation has 
M? > 20, M?{/M* > 0.75. and the 
(a) diurnal maximum occurs between 


M20 midnight and noon. 
127 DAYS 


b) «d» type days are those 
days on which the daily variation 
has M? > 20, M?/M*= 0.75 and the 
21 diurnal maximum occurs between 


wo DA noon and midnight. 
mM Son 1.5 c) «s» type days are those 
Lei days on which M°>2o, M?/M* < 
0.75. 
(c) 
28 DAYS Fig. 2-a and 2-b show histograms 


for *°T corresponding to the histo- 
grams shown in Fig. 1-a and 1-b for 

(d) the °T telescopes. It will be observed 
at that the separation of groups of 
days on which the daily variation 
is a maximum in the morning or in 
the afternoon is not as distinct in 2°T 
as for the narrow angle telescope *T. 
However, the reality of the occur- 


NUMBER OF DAYS 


21 


9 13 17 21 
HOURS ISS.T. 


Fig. 2. — The distribution of occurrence 


of the diurnal maximum for 28T for each of Tende of the dall 9% it] 
12 bihours of a day: (a) when M®> 20, rage le daily variation with a 


(b) when M? > 20 and M?/MS>1.5, (e) for iurnal maximum at one of two pre- 
days on which ®T has a daily variation ferred times of maxima even in 26T 
of «n» type, and (d) for days on which is seen by separating the days in- 
°T has a daily variation of «d» type. cluded in Fig. 2-a according to the 
type recorded’ by °T. Thus the 

histograms of occurrence of time of maximum of the diurnal component of 
2*T on days on which 5T has a maximum before noon or in the afternoon 
are shown in Fig. 2 e) and 2 d) respectively. It is clear that days on which 
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there is a morning maximum in °T are associated with an earlier time of max- 
imum in 2°T than days on which *T has a maximum in the afternoon. The 
separation of the two groups in 2°T is however only by about four hours in 
place of about 8 hours for 5T. 

In Fig. 3 we show separately the daily variations for °T and 2°T averaged 
for all days on which . 

a) there is a significant «n» type of variation, 

b) there is a significant «d» type of variation, 

c) there is a significant «s» type of variation, and 

d) there is any one of the above three types ie. at least one of the 
harmonic component is significant but there is no other criterion to separate 
the days. 

It is observed from the Fig. 3 d) that if all days with significant variation 
are considered, but no classification is undertaken, the average daily variations 
of 5T and 2°T are not significantly different from each other. The amplitude 
of variation recorded by narrow angle 


telescopes °T is no greater than the Sr op 
amplitude from the wider angle tele- +10% (a) ‘n° TYPE (a)'n' TYPE 


te ke n ne, 94 DAYS 
scopes 2°T. However, if we classify the 


variations into the «d», «n» and «s» 


(b)'d' TYPE 


types there is marked difference in the 
28 DAYS 


results from, *T and ST telescopes. The 
amplitude of the daily variation in 
narrow angle telescopes is much greater 
than in telescopes with wider angles. 
It has been pointed out by EHMERT [12] 
and by SARABHAI and NERURKAR [6] 
that the ratio of amplitudes of variat- 
ions measured by narrow and wide angle 
telescopes is not constant. However, 
the average ratio of amplitudes of the 
diurnal components of *T and *T is 1.8 Fig. 3. — Average daily variation for 
for the «d» type and 1.7 for the«n» |" ee. d» and «s» type days for °T 
; é : and %T telescopes and the average 
type. The ratio of amplitudes for the daily variation for all these types of 
semidiurnal components of narrow and days taken together. 
wide angle telescopes is 2.9 for « s » type 
days. These ratios may be compared to 
the average ratios of 3.0, 2.0 and 1.0 reported by NERURKAR [13] for 5T and 
15T telescopes for the period 1954 —55. 
By the side of the curves in Fig. 3 the number of days are indicated on 
which daily variations of significant amplitude of each type are observed by 


((C)°S' TYPE. 
36 DAYS 


(6) sy TYPE 
31 DAYS 


¢ 


(d? ALL (d) ALL 


COMBINED COMBINED 
136 DAYS 153 DAYS 
eg eS n: 
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°T and ?6T telescopes during the period February 1956 to December 1956. 
Of the total number of days on which data are available, a significant daily 
variation is observed on 44.7% of days for 5T and on 58.6% of days for ?ST. 
The «n » type of daily variation occurs most frequently. It accounts for 
44.8% of the days of significant variation for 5T and 61.4% for ?6T. The 
corresponding percentages for « d ) type days are 28.7% and 18.3% respec- 
tively; while for « s » type days they are 26.5% and 20.3% respectively. The 
percentages given here do not indicate directly the relative frequency of oc- 
currence of the daily variations of different types. This is because the ampli- 
tudes of «n», «d» and «s» type variations for the same telescopes are not. 
equal, as can be seen from Fig. 3. The level of significance which establishes 
a lower limit of amplitude below which we disregard data for the purpose of 
classification, thus acts differentially in respect of the dsitribution of ampli- 
tude of each type of variation. 


4- Classification of days according to the character of the daily variation. 


It has been demonstrated in the preceding section that there is a tendency 
for «n» and « d» type days records selected according to 5T telescope to be respec- 
tively associated with earlier and later times of maxima of the diurnal component. 
of ?°*T telescopes. The validity of classification of days into «n» and «d» 
types is more clearly indicated in Fig. 4 where the time of maximum of the 
diurnal component of *T is plotted against the time of maximum of the diurnal 
component of ?°T on each day on which both the diurnal components are 
significant at their respective 20 levels. 

There are 49 such days, and it is clear that there is a remarkable asso- 
ciation of the time of diurnal maxima recorded by the *T and 2°T telescopes. 
The correlation between the pairs of values in Fig. 4 relating to each day is 
+0.86-+0.04. The regression lines indi- 
cate that narrow angle telescopes reveal 
larger changes than the wider angle 
telescopes, in confirmity with the observ- 
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Fig. 4. — Diagram showing the relation 
between the times of maxima of the diurnal 
components of the daily variations mea- 
sured on individual days by 5T and ?ST 
telescopes. The line of regression A is of 
26T M®? on 5T M®?, and line B is of 5T 
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ation made by SARABHAT et al. [4] from a comparison of Huancayo ion chamber 
and Ahmedabad counter telescope data. The grouping of times of maxima 
around two epochs, one before noon and the other after noon, is clearly seen, 
as in the histograms of Fig. 1. The horizontal and vertical lines corresponding 
to noon indicate the boundary for the classification into «n» and «d» type 
days. There are only two points out of 49 where there is substantial disagree- 
ment between °T and 2°T telescopes in classifying according to «n » and «d» 
types. There are eleven days on which *T and ?°T telescopes simultaneously 
register significant « s » type daily variations. As against this, there are 20 days 
on which either *T or 2°T has a «d» or an «n» type variation, and the other 
has an «s» type variation. If we, therefore, consider all classifications, we 
have a total of 58 days on which both types of telescopes are in agreement. 
As against this, there are 22 cases of disagreement, most of them involving 
an «s » type classification. When one realises that a large semidiurnal com- 
ponent, significant at the 20 level, can arise either as an adjunct to a main 
diurnal component, or by itself 


because the variation is truly  «1678QXxXxXkxXxXxxXxXea_O LW @@ 

S3E a = Nees eo] | XxX ee | OOF 10'@ 
semidiurnal in character, it 18 TITO | 0 

| XX) | Sd | 
clear that the present system Me are 
wea Le È mes ns 
of classification into «s» type > °[ N” 
3 2 DID 

days requires further refine- a 


ment. 

In Fig. 5 we show on a Bar- 
tel’s diagram, days classified as 
«n», «ad» and «s» according 
to the daily variation recorded Fig. 5. — Bartel’s diagram showing the dates of 
by ST telescopes. Also indicated — CCCUNEN SS of «n», «d» and «s» type of daily 

E variation. Days on which 5T is inoperative are 
on the diagram are those days indicated as «no data» days. 
on which no data are available 
for evaluating daily variation. 
It will be observed that there is a tendency for at least the «nm» and «d» 
type days to occur in groups of 2 to 3 days. There is also evidence of a 27 


day recurrence tendency, particularly for «d» type days. 
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5. — Correlated changes of anisotropy, mean intensity and C,, the daily mag- 
netic planetary character figure. 


For studying correlated changes it is convenient to use the method of 
superposed epochs. We consider as an epoch each day when a particular 
type of daily variation occurs, and compute the average of daily mean in- 
tensity 7 and ©, on days of epoch as well as on 5 days on either side of epoch. 
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Such analysis is conducted separately for «n » type, « d » type and «s » type 
days indicated in the Bartel’s diagram in Fig. 5. 

In studying the correlated changes of the daily variation and of the daily 
mean intensity /, the latter is first corrected for the influence of change of 
daily mean barometric pressure using a coefficient x, = — 1.8% per em Hg, 
derived experimentally from the present data. The corrected daily mean 
intensity still exhibits.changes of a long term character due to seasonal and 
other factors. The long term changes are next removed, without eliminating 
short time fluctuations of J over periods of 5 to 10 days, by taking moving 
averages of J over a period of 13 days and applying correction for the variation 
of the moving averages. In Fig. 6 a), b) and c) are indicated the values of I 
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Fig. 6. — The day to day change of the daily mean intensity J of cosmic rays as observed 
La = ® . a . . 
by °T, (a) uncorrected intensity, (b) corrected for the day to day changes in barometric 
pressure, and (c) corrected for long term changes (see text). 


before applying pressure correction, after applying pressure correction and 
after removing long period variations respectively. The latter values of I 
are used in the analysis of correlated changes. 

The result of this analysis for the daily mean intensity measured by °T 
is shown separately in Fig. 7 a), b) and c) for «n », «d» and «s» type days 
respectively. The change of C, in each case is also shown. 

A remarkable result of this analysis is that «n » type days are accompanied 
by an increase of intensity of about 0.16 + 0.03% from 3 days prior to epoch. 
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The intensity is normal on epoch, but decreases significantly after epoch to 
reach, 2 days later, a minimum value about (0.27 + 0.03%) less than the 
average daily mean intensity for the entire period of observation. «d» type 
days on the other hand are associated with increase of mean intensity which 
remains about (0.17 + 0.04%) above 
the average from epoch to + 2 days. 
A slight decrease in intensity before 
epoch is not significant. For «s» 
type days, the mean intensity is 
nearly normal during the epoch pe- 
riod and on 3 days before and after 
it. For C,, the values are high com- 


(a) ‘n' TYPE DAYS 
C.R. Intensit, 


pared to the mean of the entire period, ia 
from — 3 to +1 days of the «n» type CR. Intensity 
epochs. For « d » type epochs this is 
also true for +1 and +2 days after 
the epoch day, but there is a C, 
minimum in the interval 0 to —1 
days before the epoch. For «s » type 
epochs, €, values show a minimum (e) TYPE DAYS 
near about the epoch day and an C.R. intensity 
increase 4 days after the epoch. 


Fig. 7. — Average daily mean cosmic ray 
intensity changes on —5 to + 5 days, 
(a) for «n» type days as epochs, (b) for 
«d» type days as epochs and (c) for «8» type days as epochs. The corresponding 
average change of magnetic character figure C, in each case, is also shown. 
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6. — Discussion. 


The results presented here are of a preliminary character and indicate 
certain tentative conclusion which can be drawn from the analysis of data 
from narrow angle telescopes operated over a period of 11 months in 1956. 

It is seen that on a majority of days, which have a daily variation of sig- 
nificant amplitude, the variation can be designated as belonging to the « », 
the «d» or the «s» type. The experimental technique at present does not 
permit a variation to be established at the 20 level of significance unless it 
has a harmonic component of amplitude greater than 0.74% for °T and 0.34% 
for 2°T telescopes. With an improvement of technique involving a larger ef- 
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fective aperture of narrow angle telescopes than at present, it would be pos- 
sible to extend the study to variations of smaller amplitude than is now pos- 
sible. It is not known what characteristics would be shown by the daily 
variations of small amplitude. 

The difference between «d» and «n » types of variations is more marked 
for narrow angle telescopes than for wide angle instruments. Thus in deriving 
an average of the daily variation over an extended period of days, the re- 
duction of amplitude for 5T is much greater than for ?°T. If we wish to compare 
the amplitudes of daily variations recorded by narrow and wide angle tele- 
scopes, the comparison should be made separately for each type of variation 
‘and not for an average variation having a combination of all types of variations. 
This point requires to be borne in mind when considering the results of other 
workers who have compared the amplitudes of the daily variations of narrow 
and wide angle telescopes without attempting to classify the different types 
of variations. 

The shift towards later hours, by about four hours, from 1954 to 1956, 
of the time of maximum of « n » as well as of « d » type of variations seems 
to indicate that the striking changes observed in the 12 month mean daily 
variation can be due not only to the change of frequency of occurrence of 
days of each type, but to an intrinsic shift of time of maximum and of the 
anisotropy. Close study over an extended period with narrow angle telescopes 
is required to understand better the nature of the changes that occur. 

The classification of days according to the character of the observed daily 
variation requires to be further refined so that when the classification is made, 
it relates to a characteristic of the anisotropy, and is therefore detectable on 
a global basis. In the present study the validity of the characterisation is 
tested only by comparison made of two types of telescopes operating at one 
station. It is important to extend this comparison to other instruments at 
the same station and at different stations. 

One of the most important conclusions that can tentatively be drawn from 
the present study is the one concerning correlated day to day changes of 
anisotropy and the daily mean intensity. The main weakness in the evidence 
that is presented lies in the absence of upper air meteorological data with 
which the daily mean intensity could properly be reduced to standard atmo- 
spheric conditions. We have been unable to evaluate the extent of error which 
can be introduced on this account in our analysis. At low latitudes however, 
day to day changes are not as important as at high latitudes, and it is believed 
therefore that a more accurate correction for meteorological changes than we 
have been able to apply to our values of daily mean intensity, would not 
alter our conclusions substantially. 

The observation that «n» type days are associated with decreases of in- 
tensity and «d» type days with increases of daily mean intensity after the 
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respective epochs is one of great significance in the interpretation of processes 
responsible for the anisotropy and changes of cosmic ray intensity. An increase 
of intensity can result either by the presence of a source of cosmic rays within 
the solar system, or what is more likely, by a modulation process involving the 
increase of energy of cosmic rays incident from certain directions. In the 
latter case one would require the creation of an ordered electric field in ap- 
propriate regions of interplanetary space as viewed from the earth. Since 
the space is believed to be often filled with clouds of ionized solar matter, it 
would be difficult to sustain the field in the absence of trapped coherent mag- 
netic fields within the ionized streams. 

The present evidence, along with that of Simpson et al. [14], are the only 
ones in support of the existence of variations of intensity which represent not 
Just decreases, as shown by HEERDAN and THAMBYAHPILLAI [15], but increases 
of intensity as well. Since, as discussed above, they are indicative of the 
existence of coherent magnetic fields and not just turbulent fields in inter- 
planetary space, it is of great importance to confirm experimentally these 
findings with a large number of independent investigations extending over a 
long period of time. Our present study relates to only 11 months of observ- 
ations and it is therefore necessary to take the present conclusions as tentative 
for the time being. 


* * x 
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Solar Daily Cosmic Ray Variations Observed 
with Meson Telescopes at High Southern Latitudes. 


N. BR. Parsons and A. G. FENTON 


Physics Department, University of Tasmania - Hobart 


Solar daily variations in meson intensity have been recorded at Hobart, 
Tasmania (A= 52°S) and at the Australian National Antarctic Research Ex- 
pedition’s station at Mawson, Antarctica (A = 73°S). The telescope geometry 
used in all measurements reported here was (1 mx 1m) x1.5m, with 10 cm 
of lead absorber. 

The brief discussion below will cover two aspects of the records: 


1) A comparison of the phase of the daily variation recorded by vertical 
telescopes at Hobart and Mawson and a comparison of long term phase changes 
at Hobart, Mawson and some northern stations. 


“a 


Mawson by telescopes directed vertically, 45° N, 45° E, 45°S and 45° W of 


2) A comparison of the daily variations recorded simultaneously at 


the zenith respectively. 


1. — Vertical telescope measurements at Hobart and Mawson. 


Fig. 1 shows the manner in which the bimonthly mean amplitudes and times 
of maximum of the pressure-corrected 24 hour component vary for vertically- 
directed telescopes at Hobart and Mawson. The figure also shows the phase 
changes reported from some northern stations. The long-term phase changes 
are broadly similar, confirming the world-wide nature of this phenomenon. 

There is a consistent phase lag in local time of 3 to 4 hours at Mawson 
relative to Hobart. This is also evident in the 12 hour component, and it is 
found very difficult to explain this in terms of residual atmospheric influences. 
An explanation has been sought in terms of a primary particle anisotropy 
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outside the earth’s field region and the different deflections suffered by particles 
arriving at the two stations. The usual dipole field configuration has been 
assumed and use made of the trajectory data of BRUNBERG and DATTNER [1]. 

Accurate values of the expected phase difference in solar time at the two 
stations have been calculated for several assumed values of the mean energy 
of the anisotropic primaries in the range 1.5 to 5.0-10! eV. (There is much 
evidence suggesting that 
the mean energy of the 
anisotropy, if it exists, les 
within this range). It is 
found that the maximum 
phase lag at Mawson which 
can be accounted for in 
this way is about 1 hour 
(for mean energies near the 
bottom of the range). 

In view of recent evi- 
dence that the effective 
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Fig. 1. — The 24 hour component of the daily variat- using the appropriate mo- 


ion of vertical meson intensity, showing changes in 
amplitude and phase at Hobart and Mawson, and 
changes in phase observed at northern stations. 


dified system of geoma- 
genetic co-ordinates in 
which Hobart is effecti- 
vely 9° further north and 
Mawson 5° further south. It is found that the expected phase differences 
for particular energies are substantially increased, but that only for primary 
particle energies up to 2.0-10!° eV is the predicted phase difference approx- 
imately 3 hours, close to the observed value. 

We conclude then that the results are not consistent with an explanation 
of the daily variation in terms of an external anisotropy and its interaction 
with a «normal» dipole field, but that they could be consistent with this 
interpretation if the field has the suggested modified orientation and if the 
mean energy of the primary particles involved is close to 1.5-10 eV. 

In a recent paper, ELLIOT and ROTHWELL [2] suggested that the whole 
of the daily variations probably arise from some modulation mechanism ope- 
rating within the region occupied by the earth’s field. If this is so, it is pos- 
sible that times of maximum may be related basically to the local geomagnetic 
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time scale and not to solar time. This alone could explain a mean phase lag 
of about 24 hours in solar time at Mawson relative to Hobart—nearly that 
observed. Such a dependence on local geomagnetic time offers an alternative 
explanation of the observed results, and if it could be substantiated, it would 
be very difficult to avoid the conclusion of ELLIOT and ROTHWELL that the 
daily variations do indeed originate locally within the field region. 


2. — Directional telescope measurements at Mawson. 


Fig. 2 shows the mean solar daily variations recorded at Mawson over the 
10 months period May 1955-February 1956 in each of five different telescope 
headings, namely vertical, and at an inclination of 45° to the north, east, south 
and west. There are significant differences in both phase and amplitude, whilst 


the most striking feature is the absence 
of any significant diurnal variation in the 
south direction. 

Tf these results are to be explained in 
terms of an anisotropic distribution of pri- 
mary particles outside the earth’s field region, 
then we should be able to determine an 
initial direction of approach of the excess 
radiation and a mean energy for the particles 
involved which together would be simulta- 
neously consistent with all the observed 
directional daily variations. 

In examining the plausibility of this 
interpretation we have considered both 
the «normal » and modified dipole field orien- 
tations mentioned in Sect. 1 above. 

For a chosen primary particle energy and 
direction of arrival at Mawson, we may find a 
fixed point P on the earth’s surface through 
which the earth’s radius is parallel to the ini- 
tial direction of approach of the particles. 
Thus it can be shown that each telescope at 
Mawson effectively scans a different celestial 
latitude belt as the earth rotates and that if 
the daily variations are due to an anisotropy 
outside the field region, then we would expect 
the order of occurrence of observed maxima 
and the observed phase differences to be 
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Fig. 2. — The solar daily variat- 
ions in meson intensity observed 
with directional telescopes at 
Mawson, averaged over the period 
May 1955 to February 1956. 
Standard errors are indicated 
with the observational points. 
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predicted by the geographic longitude 


propriate to each directional telescope. 


PARSONS and A. G. 


FENTON 


differences between the points P ap- 


For the «normal» dipole orientation, Fig. 3 A) shows schematically the 
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Fig. 3. — A) Schematic representation of the 
geographic south latitudes of the points P 
(refer text) appropriate to each direction of 
particle arrival at Mawson, and to three 
values of primary particle energy. The 
diagram indicates the celestial latitudes 
scanned by the directional telescopes. B) 
Schematic representation of the geographic 
east longitudes of the points P. The expec- 
ted order of occurrence of maxima in the 
daily variations is that of decreasing east lon- 
gitude, with phase differences as indicated. 


geographic latitudes of the points 
P, and thus the celestial latitudes 
scanned by the telescopes for three 
different values of primary particle 
energy. Fig. 3 B) shows the posit- 
ions in geographic longitude of the 
points, again for three values of 
primary particle energy. 

Fig. 4 contains the results of 
similar calculations, but assuming 
the dipole field to be rotated 
westward through 45° as discussed 
in Sect. 1. 

Examination of these two dia- 
grams shows clearly that for both 
field orientations and for the range 
of energies considered the south- 
pointing telescope in all cases scans 
a south celestial latitude belt close 
to and intermediate between those 
scanned by the other telescopes. In 
most cases the vertical and south- 
pointing telescopes scan very close 


belts. It is therefore very difficult to explain the virtual absence of a diurnal 
variation in the south-pointing telescope, when all the others show substantial 


and broadly similar variations. 
Further the order of occurrence of 
maxima and phase differences 
predicted by Fig. 3 B) and 4 B) in 
no case bear any similarity with 
those actually observed (Fig. 2). 

It is clear then that the ob- 
served directional daily variations 
cannot be satisfactorily explained 8 
on the assumption of an external 
anisotropy interacting with a 
dipole field. 

Further consideration of the 
evidence suggests strongly that 
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Fig. 4. — A) and B), as in Fig. 3, but calcu- 
lated by assuming a 45° westward rotation 
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the assumption of a simple dipole field configuration may be incorrect, and 
that use of trajectory data calculated on this assumption could be seriously 
misleading. 

To explain the results we need either external anisotropies interacting with 
a suitably distorted field, or, if this is not the case, we must conclude, with 
ELLIOT and ROTHWELL, that the daily variations are probably produced locally 
by intensity-modulating mechanisms operating within the region occupied by 
the earth’s field. 

More detailed accounts of this work have been submitted for publication 
n the Australian Journal of Physics. 
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Variations of Nuclear and Mesonic Component. 


A. EHMERT 


Max Planck-Institut fiir Physik der Stratosphare - Weissenau 


Since May 1956 we recorded in Weissenau (420m above sea level, geo- 
graphic co-ordinates: 47°.8 N, 9°.5 E; geomagnetic co-ordinates: 49° N, 91°.5 E) 
with six telescopes: 


2 cubical telescopes with 10 cm lead between the 
counter trays 
each giving 55000 coincidences per 2 hours = Ve 


2 cubical telescopes without lead 
each giving 68000 coincidences per 2 hours = Ky 


re 2 twofold telescopes with wide angle 
each giving 182000 coincidences per 2 hours = K,; 


The latter ones form a part of the other telescopes. Fig. 1 shows the 
arrangement. Recorded are coincidences of the trays, 


Since October 1956 in the same room 
a neutron monitor with 12 counters is 
operated with geometrical arrangement 


Fig. 1. — The arrangement of the Geiger 
counters. All counters of one tray (1, 2, 3 ete., 
are connected in parallel) coincidences are 
recorded: 1-2-3 and 5-6-7 = cubical telescope 
pemaotmmoo comedians without lead Ay; 2-3-4 and 6-7-8 = cubical 
420mm——= telescope with 10 cm lead K,,; 2-3 and 

Activ length of the counters 420mm 6-7 = wide angle telescope K, . 
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according to SEMPSON’s proposal [1] (*). Two separate electronic equipments 
are used. Each records the neutron captures in 6 counters. Each half gives 
2800 counts per 2 hours = N. 

Coefficients of air pressure are evaluated to be 


[ AK» _  0.0285 DK 0.0295 

| AK,,-AP emHg’ AK:AP_ cmHg' 
ek 

| AK, 0.0276 O, 0.1035 

| Ex AP n comHg® NCAP cmv Hp 


Evaluation of air temperature coefficients from meson records alone is 
commonly seriously troubled by variations of magnetic origin. 

As the neutron number is free from influences on p-meson decay we 
tried to introduce it as a correction for the meson number to find better 
correlation with atmospheric temperature influence. But the found coefficients 
change from month to month and this indicates a systematic further influence. 
To describe this influence is one purpose of this paper. For briefness we re- 
strict here for the details on the wide angle telescope without lead, having a 
greater influence of u-meson decay than the cubic telescopes. 

The anomalous interdiurnal variations (2) during times of constant atmo- 
spheric temperature provide a distinct regression between the variations of the 
neutron number and that of the coincidence numbers of the different telescopes. 

Plotting the air pressure corrected values Ks;, K,, Ki against N we found 
that all three regression lines cut at the same value N of N. We call the 
corresponding values K.,, A) and Ky. They are given above for 9.25 km 
height of the 300 mb level and for 72 cm Hg air pressure. According to this 
fact we introduce 


fg — 1 (Robo pee n 
Magi 1827 Ho oe 
(2) È ia 
ie ee WS (Rah Ka} REA NEN) 
K,= = i N= urca, 
in CIELO SE 3.07. N 


giving the same scale for 182% of Ki, 147% of Ke, 1.10% of K., and 
3.57% of N and get nearly identical interdiurnal variation curves for K,,, 


ee and Ni 


(*) The author is indebted to his colleague Dr. G. ProrzeR for lending his unpub- 
lished corrected neutron records for this comparison. 
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in some cases or with constant differences (related to atmospheric temperature) 
in others. Fig. 2 gives an example for 12/13.3.57. 


Neutrons 
Wideangle telescope 


Cubic telescope without lead 


. 
' 
K' © Cubic telescope with 10 cm /ead 


14.3. 


Fig. 2. — Variations of neutrons and of the different coincidence numbers. The dif- 
ferent scale values are given on the left side. 


The corresponding scale values for K,,;, K,, Xx and N are given on the 
left side in Fig. 2. 

For monthly averages (without December 1956) the same relation was found. 

So it was hopeful to use this relation to caleulate the expected variations 
of meson numbers for constant atmospheric conditions from the variation of 
neutron numbers and to compare the difference against the real meson number 
with the atmospheric data. 

As there are no more sounding ascents near Weissenau, we used the height 
of 300 mb level as given by the weather chart for 2° GMT and used only the 
records from 0° till 4° GMT every day for the comparison. 

In Fig. 3 these dayly night values of the neutrons N’= (open circles) and 
of the wide angle coincidences = X,, (= M'= full circles) are plotted. The 
given scale values correspond to relation (2). It is immediately seen that 
during the first half of October, in the midth of November 1956 and during 
parts of March and April 1957 the relation holds fairly well. 

The differences between the two upper curves of Fig. 3 are plotted below 
as open circles (N' — M') together with the height of 300 mb level. The scale 
is adjusted to best correlation with a coefficient: 


AK, EZIO, 


3 canino CR 
| ) il: NH con km 
corresponding In 0.08% per °C for even change in all heights. 

The difference of the circles against this curve is once more given as 
(N— M’).,,,. The variations of this curve show that relation (2) did not hold 
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for all the time. But there is no further relation to weather in this curve. 
Especially no correlation to high-level or tropospheric temperature. 

During the magnetic storm effect from January 21 to 26 the deficit in 
mesons was higher than that expected from relation (2) and the neutron 
deficit, though the percent deficit in neutrons is larger than the percent deficit. 
in mesons: AM/M < AN/N, AM'>AN'. 

Severe magnetic storms affect higher primary energies than the other modu- 
lation effects [2]. 

A similar effect is seen at the smaller storm effects of November 10, Feb- 
ruary 25, April 6, but not at April 13. 

The times of sudden commencement are signed in Fig. 3. They show a 
narrow connection of these events with the start of deviations of (V’— M’), 
from normal values. The final curve in Fig. 3 shows the dayly sums of the 
3-hour-range-magnetic indices [3], giving a logarithmic mass of the field 
variations by the impact of solar corpuscular radiation on the earth. This. 
is a measure for solar clouds in the near of the earth, but no direct measure 
for their action on cosmic rays. 

We regret not yet to be able to compare magnetic ring current fields. The 
material of equatorial magnetic stations is not yet available. 

The most surprising fact is the deficit of the corrected values of (N'- M’) 
in January before the magnetic storm and a similar smaller effect at the end 
of November and beginning of December 1956 and on 1-st March. As the 
highest amount is only 1.5% of K,,, at first we suspected an experimental 
error, as possible by a change of sensitivity of the telescopes. But this proved 
to be improbable as all records show this effect in an amount corresponding 
to the general relations between the corrected results of these records. Examin- 
ing the variations of N’ and dr one can see, that in all these cases meson 
intensity was recovered to a higher extent than neutron intensity. But a. 
further more general aspect is found: 

A plot of all values of K,, (after correction for the same height of the 
300 mb of 9.25 km and for 72 cm Hg air pressure) against N’ (that is cor- 
rected for 72 cm Hg) is given in Fig. 4 and 5 and a separation into several’ 
sections of time is introduced in the following manner: 


1.10.56 — 15.11.56 full dots Fig. 5 1.30 0.40 
17.11.56 — 24.12.56 circles Fig. 5 1.45 0.90 
26.12.56 — 22. 3.57 full dots Fig. 4 2510 0.66 
23. 2.57 — 2. 3.57 circles Fig. 4 1.45 0.90 
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12. 4.57 — 26. 4.57 crosses Fig. 
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It is seen, that there exist distinct regression lines. The coefficients are 
given in the table as well for K,/N as for the relation of the percentual va- 
riations. 

During the magnetic storm of January 23/24 K,,/N’ passes over from 2.1 
to 1.45 and falls then back to the prestorm value. 


e 1.10.— 15.11.56 


DBO 2357 © 17.11. — 24.12.56 


+ 12.4 — 26.4 .57 


zi 
ZI 


Fig. 4 and 5. — The fully corrected coincidence numbers of the wide angle telescope 
are plotted against the corrected neutron number to show variation of the relation. 


The distortion of mesons at February 25/26 is unic as there is no change 
of the neutron number. It is restricted to 10 hours and is common to all 
our meson records. 

At least three of the well distinguished regression-lines in Fig. 4 and 5 cut 
the point N'—0, K,,=0 as also does the line for anomalous interdiurnal va- 
riations, that were used above to define N and K.;, corresponding to N'= 0 
and K;,— 0. The further distinction of this point for this long period variations 
is not induced by the procedure. It was expected, that for the regression lines 
in Fig. 4 and 5 different intersection points might result so far, as regression 
lines are defined. But the result shows a distinction of the same point for 
different times. The same holds also (what is not shown here) for A, and Veg 

(Only the distortion of February 25 to 28 does not fit, being obviously 
of a different nature). 
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A very similar result we had found [4] at earlier comparisons of our co- 
incidence record with that of the ionization record of SrrrKus [5] from July 
to October 1951. The intersection point of the regression lines for different 
times was 2% below the mean of the coincidence number, as the new point 
does for K,,. 

As for the same time in 1951 FoNGER [6] had found a very good cor- 
relation between this ionization and the neutrons, recorded by SIMPSON, 
FONGER and WILcox [7] with 5-fold percentage variation of the neutrons, we 
can say, that in this time (1951) the percentage variations of our coincidence 
were between 1/5, 1/2.5 fold that of the neutrons, whilst we found today for 
the K,, 1/2.5 to 1/1.1 and for the cubical telescope 1/3.3 to 1/1.5. This 
telescope is more similar to that which we formerly used. So we find a direct 
confirmation of these earlier results. 

The percentage variations get the smaller, the more particles from high 
zenit angles are recorded. The absolute number of the particles forming the 
same variation of A, and K,, is for the twofold coincidence arrangement twice 
that of the cubical arrangement. This shows with respect to geometry, 
that particles with zenith angle up to at least 40° are involved. It is surprising 
that the corrected ionization chamber records of SIitTKUS, in August and 
September 1951 resemble in their general trend more the Chicago neutron re- 
cords than our coincidence record though showing all characteristics of our 
record. This may indicate a variation of the ionization by nuclear particles 
that is slightly higher than the variation of ionization by y-meson variation. 

K,Ks; (also Ky and Kyo) are natural normalization values and it is useful 
to publish the corrected values in percent of them. They depend on the chosen 
standard air pressure and the meson values also on standard atmospheric 
height. Their dependence on latitude and height of the station is not yet 
known. 

The variation of the steepness AK. z/AN' means probably a greater or lesser 
suppression of primary low energy particles. The higher AK olAN’, the higher 
is the extent of this suppression which may be due to very extended magnetic 
clouds. 

The variation within the periods of constant AX'/AN' show the nature 
of magnetic storm effects [8] as is seen evidently once more from N'— M,,,. 
in Fig. 3, Fig. 4 and Fig. 5 show that these variations do not change the 
steepness AK,,JAN' at least so far as intensities do not get lower than Ky, 
and N. We think that is an indication, that these magnetic storm effect 
affects all energies like any shadow effect. "The same conclusion was drawn by us 
from the fact, that severe magnetic storms like those of July 27, 1946 or March al 
1942, are composed of two different effects. The one of them beeing narrowly 
correlated to the magnetic « ring current field » as measured at equatorial sta- 
tions [9] and having the same percentual effect on particle numbers in tele- 
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scopes and on ionization in chambers ad Godhavn, Cheltenham and Huancayo. 
That is not possible with a strong energy dependent selection of the effect. 

For the main phase of the storm there exists a further decrease-effect, 
that is much more pronounced in telescope measurements and at mountain 
stations. This indicates a stronger energy dependence of this effect. that ended 
in all cases very abruptly after half a day or more. 

In ForBUsH’s records in Cheltenham on March 1, 1942, this part of the 
storm effect reached — 3%, on our coincidence record in Friedrichshafen ~ 8% 
at this date. On January 21, 1957, the effect in our A,, number reached 6.3% 
in our A, (cubus) 8.5%, that in the ionization in Kihlungsborn [10] reached 
3.3%. That is quite the same relation. We see from this, that the same 
energy region is affected as in the main phase effect in severe storms. 

The more it is interesting, that even in this case of energy dependent 
influence we deal often with an energy dependence that is not induced by the 
storm itself but was ruling in the prestorm time with recovering intensity. 
Probably it is determined by conditions in a space much larger than that 
occupied by the cloud causing the magnewe storm and affecting cosmic rays. 
The detection of this effect from neutron- or meson-records alone seems im- 
possible. 


* OK OK 


The author is indebted to the Deutsche Forschungsgemeinschaft for financial 
help that enabled the different records. 
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Observation of Cosmic Ray Decreases at the Pole (’). 
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1. — Introduction. 


The world-wide decreases of cosmic ray intensity at sea level which were 
first described by FoRBUSH [1] are quite striking and in some cases as large 
as 10%. While they are often associated with magnetic storms there are 
examples where the decreases occur without magnetic storms and conversely, 
magnetic storms occur without cosmic ray decreases (for a recent review see 
[2,3]). This suggests that the connection between magnetic storms and Forbush 
type decreases is not an immediate one but goes back to a common cause, 
presumably the emission of corpuscular matter from the sun. 

On the other hand there are smaller cosmic ray variations associated with 
small magnetic disturbances which have a recurrence of about 27 days, the 
solar rotation period. They are generally considered as distinct from the Forbush 
decreases, but as will be shown in this paper they are probably different only 
n degree. 


2. — Observations. 


Fig. 1 shows the intensity of the cosmic radiation at four stations during 
the period May and June of 1951. All data are corrected for barometric pres- 
sure. Observations were made during the same period by many other groups 
who find similar variations. For the purpose of the present discussion the data 


(*) Presented at the American Physical Society Meeting, Washington, 1954, (Phys. 
Rev., 95, 647 (1954)) and at the Cosmic Ray Congress, Guana]uatoz Mexico in 
September 1955 (unpublished). This work has been supported in part by the Air Force 
Office of Scientific Research under Contract AF No. 18(600)-1038. 
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in Fig. 1 will be sufficient to establish the world-wide character of the variations. 

Our measurements at the polar station were obtained by means of a vertical 
Geiger counter telescope. These represent the first measurements of cosmic 
storm decreases at the geomagnetic pole. 
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Fig. 1. - FORBUSH decreases during May-July, 1951 (Note that polar station variations 
are drawn to half-scale). 


The cosmic ray telescope was operated at the Danish-American weather 
station at Thule, Greenland from August 1950 to July 1951. The telescope 
was completely unshielded; the total thickness of material including counter 
walls was 3.5 g/cm?. The light roof overhead had a thickness of about 0.5 g/cm?. 
The telescope was originally used and brought up to Greenland to serve as a 
calibration device for small balloon-borne telescopes and then left in Thule 
in August 1950. The telescope consisted of three counter trays, each of effective 
area 6 x 6 inches. The vertical separation between the two extreme trays was 
16 inches, the third tray was in the center position. The number of triple 
coincidences and the barometric pressure were recorded every hour; the rate 


was about 1000 per hour. 
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8. — Relation to ring current. 


These observations present further evidence of the fact that the Forbush 
decreases cannot be caused by the Stormer ring current flowing around the 
earth’s equator. This ring current has been hypothesized to explain the mag- 
netic storms and is assumed to flow several earth radii out. However, it has 
already been pointed out by T. H JOHNSON [4], and later by HAYAKAWA 
et al. [5] and TREIMAN [6], that the ring current cannot very well account for 
the decreases observed at medium latitudes and the equator, and could in 
fact lead to increases depending on its position. It is clear that the vertical 
intensity at the pole cannot be influenced by a ring current, or in fact by any 
change of the earth’s dipole field, since vertically incident cosmic ray particles 
at the pole are not affected by the earth’s field. It seems reasonable therefore 
to assume that the simultaneous decreases at the other latitudes are not due 
to ring currents either. This does not exclude the existence of a ring current ELE 
rather the evidence suggests that the ring current which produces the magnetic 
storm and the agency which produces the cosmic ray storm are both a con- 
sequence of a common primary effect. This common primary effect is certainly 
of solar origin and has been identified by ALFVÉN [8] with a corpuscular 
beam or the emission from the sun of clouds of ionized gas. It is interesting 
to note that the decreases at the pole cannot be explained either by an electric 
polarization due to a ring current. The effect, as has been pointed out by 
NAGASHIMA [9] who has discussed it in detail, is still too small to account for 
the observed decreases. 


4. — Relation to magnetic storms 


We now wish to interpret in detail some of the features of the observed 
decreases: (i) their recurrence, (ii) their widening and variation of onset time, 
(iii) the larger size of the polar decreases. It has been stated in the literature 
that the relation between cosmic storms and magnetic storms is an occasional 
one, in the sense that sometimes magnetic storms and cosmic storms parallel 
each other very closely, sometimes we -have magnetic storms without cosmic 
storms, and sometimes cosmic storms without magnetic storms. Attempts 
have been made to account for these phenomena on the basis of different 
mechanisms on the sun for producing associated events and separate events. 
For example, SEKIDO et al [10] have introduced a classification of S and 
M-type of sterms depending on whether they accompany the decrease in 
cosmic ray intensity or not; he has assumed that S-type storms are caused 
by the corpuscular emission from sun spot groups and the M-type storms by 
the corpuscular emission from the so-called M-regions. 

Also it is generally believed that the cosmic storms do not show a recur- 
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rence tendency and are thus distinct from the 27-day recurrent variations of 
the cosmic radiation. 

The data in Fig. 1 and Table I, however, seem to contradict this assump- 
tion. There is a very clear recurrence with a period of about 27 days shown 
by Forbush decreases, all associated with meridian passage of solar active 
regions. (This recurrence is particularly prominent in the case of the Man- 
chester data.) We note also from Fig. 1 that the recurring storms become 
larger, i.e. the decreases become greater and wider at all latitudes. 


TABLE I. — Active solar regions and associated geomagnetic activity during May-June 1951 (*) 
(under each region is given the time of meridian passage, passage number, and coronal 
and flare data). 


| 51-F | 51-H 51-G 51-A | 51-E 51-D 


| | : | 
May 1; No. 2 | May 2; No. 2 [May 10; No. 1| May 15; No. 5 | May 21; No. 3/May 22; No. 3 


| Low activity (1 flare) | Low activity | Very great acti-| Low activity | Moderate 
| (4 flares) | (2 flares) | vity (61 flares) | (7 flares) activity 


Yellow coronal |Low geomagn.| (12 flares) 


High geomagn. activity | line | activity | No appreci- 
| Ionosph. storm (May 1-5) | Ionospheric able geomag- 
| storm | netic activity 
| Low geomagn. | 

activity 


| 


[May 28; No. 3|May 29; No.3 June 2 June 12; No. 6 | June 16; No.4|June 18; No.4 
Low activity Low activity | Great activity | Moderate acti-| Low activity 


(2 flares) | (2 flares) (22 flares)  |vity(1lflares) (2 flares) 
eS | lonospherie | No yellow line) Ionosphteric 
Moderate geom. activity storm No ionospheric storm 
| Moderate ionosph. storm storms (June 18-19) 
No appreciable 
geomagnetic | Moderate geom. activity 
activity 


(*) D. E. TRorrer and W. O. ROBERTS: High Alt. Obs. Rept. on Solar Activity No. 6. 


At the same time the accompanying magnetic storms become weaker. (This 
information has been obtained from magnetic observatory data (see also 
Table I); the first storm shown on May 1 is very intense, May 28 is of 
medium intensity; June 18 quite weak). We also note that the Forbush 
decrease precedes the magnetic storm in some cases by two or three days 
when the decrease is very wide but not when the decrease is very narrow. 

These observations may be explained in the following manner. The common 
cause of magnetic and cosmic storms is the emission of corpuscular radiation 
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from the sun, in the form of a beam («a la Alfvén») or in the form of a turbulent 
cloud («à la Morrison»). Whichever it is, after some time it will expand and 
diffuse into the interplanetary space. A young beam of high particle density 
can produce a large magnetic storm but does not extend over a sufficient 
volume to produce a large cosmic ray decrease. As the beam gets older, its 
intensity will decrease but its dimension may increase. It will therefore be 
less effective in producing a magnetic storm but more effective in producing 
a cosmic storm. Finally, as the density becomes quite small the magnetic 
storm can only be produced when the earth is in the center of the beam, 
i.e. at the highest particle density. Hence, the time difference between the onset 
of the cosmic storm and the occurrence of the magnetic storm measures in 
a manner of speaking the extension of the beam. From a series of observations 
one might be able to obtain the rate of spreading of the beam. 

The above hypothesis has a consequence which looks very attractive. 
An initial beam, very young, is likely to produce a strong magnetic storm 
without an accompanying cosmic storm while a diffused beam can produce a 
cosmie storm without a magnetic storm. Thus the same phenomenon could 
explain all the intermediate cases of cosmic and magnetic storm events. 
The intensity of magnetic storms as compared to cosmic storms depends on 
the density and extension of the beam or cloud. 

This is of course a phenomenological picture designed to explain a parti- 
cular set of observations. We may picture that the emitting region on the sun 
changes as it gets older so that the corpuscular emission becomes less dense, 
and at the same time more diffuse. Hence, we have here in principle a method 
for investigating the change with time in the nature of the corpuscular emission 
from the sun. 


5. — Relation to 27 day variation 


Another aspect of this hypothesis is that the 27 day variation is similar 
to the Forbush decrease, the difference being more in degree than in kind. 
The cause of the 27 day variation is certainly not settled: the Chicago group [12] 
considers them to be increases and quite distinct from the Forbush decreases, 
whereas the London group [13] has produced evidence to show that they are 
intensity decreases (*). 


(*) Brown [18] also interprets the 27-day events as decreases produced in a manner 
similar to the Forbush decreases, while KopAMA and Murakami [19] adduce evidence 
for solar emission (i.e. production) of particles by studying the concurrent diurnal 
variation. 
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6. — Special value of polar observations. 


We now consider why the polar decreases are both larger and wider than 
the decreases observed at other latitudes. (Note that the scale used in Fig. 1 
for the polar station is one-half that of the stations at other latitudes.). We 
must take into account that the instruments used for cosmic ray observations 
are not monochromatic detectors but measure the effects of primaries from 
about 3 GeV on up to the very highest energies. As has been shown by the 
work of BRUNBERG and DATTNER [14], the asymptotic 
velocity vectors of such primaries will cover a very 
wide region because of their dispersal by the earth’s 
magnetic field. It is quite clear however that at the 
pole in the vertical direction the velocity vectors of 
all primaries will stay together, no matter what their 
energy, since they are parallel to the magnetic field. 

In fact, Astrém [15] has shown that even at quite 

large zenith angles, a focusing effect occurs at the 

pole due to the form of the magnetic field (Fig. 2). We 

Evidently, the radiation which enters into a vertical 

telescope at the pole has stayed together up to a 

distance of about forty earth radii. Somewhere in 

that region the earth’s magnetic field becomes of the 

order of magnitude of the general interplanetary 

field. From this point on, the path of the cosmic 

rays pejpants on the type as model one assumes ene 

for the interplanetary magnetic field. In any case, CORRA RO 

whatever the cause of the cosmic storm decrease, it polar telescope under dif- 

also exists some distance from the earth perpendi- ferent zenith angles. This 

cular to the plane of the ecliptic. If it existed figure illustrates focussing 

throughout the space surrounding the earth, then ee of magnetic field at 
; igh altitudes (Astròwm). 

the decreases at lower latitudes would be as large 

as at the pole. The localized extent of the mecha- 

nism responsible for the cosmic ray decrease can also be deduced from the 

enhanced diurnal variation of cosmic ray intensity, which is observed during 

the cosmic ray storm (by SHKIDO and YOSHIDA [16]). If it were possible 

to construct a monoenergetic directional detector, this diurnal variation 

should be very much larger. 

This points up the usefulness of a polar station to probe deep into the 
interplanetary space. Very likely the character of the interplanetary field 
differs during different parts of the solar cycle. This can be judged by the 
fact that the shape of the corona of the sun as observed in eclipses differs very 
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much during the solar cycle and depends very strongly on solar activity. 
When the interplanetary field is quite regular, cosmic rays coming up from 
the pole would all be led away into a particular region of space; if the dece- 
lerating mechanism exists there, then of course we will observe a decrease. 
On the other hand, during high solar activity when the interplanetary field 
is quite turbulent, cosmic rays as they come up into it (tracing back from 
the polar telescope) will be dispersed according to their energy; the decrease 
which we observe may then be smaller because the decelerating mechanism 
may act only in limited portions of space and thus will affect only primaries 
which traverse these regions. 

It is possible therefore that two polar stations, one at the South pole and 
one at the North pole will not always give the same results. They may also 
give results different from those of middle latitude stations, depending on the 
phase of the solar cycle that we are in. We hope to obtain information on 
this point during the International Geophysical Year when recording telescopes 
will be set up at both polar locations. 


7. — Conclusion. 


We find it possible to give a reasonably satisfactory picture which explains 
(i) the recurrence of cosmic ray decreases, (ii) their increase in amplitude while 
the corresponding magnetic storms decrease, and (iii) the larger size of the 
polar decreases. The latter suggests that the mechanism which produces the 
Forbush decreases operates at large distances from the earth. It would be 
difficult to explain otherwise why the polar decreases are larger. 

The present paper attempts no detailed explanation for the Forbush de- 
creases (see following paper). Clearly however, the cause must be (i) a decrease 
in the number of primary cosmic rays, e.g. screening by a magnetic field, or 
(ii) a deceleration of the particles before entering the earth’s atmosphere, or 
(iii) screening and deceleration. 

These possibilities can be discriminated against by observing the energy 
Spectrum of primary cosmic rays during a Forbush decrease. In the absence 
of such observations however, we must hypothesize a reasonable mechanism 
for producing the decreases. We favor a «diffusive deceleration » mecha- 
nism [17] which produces a deceleration and therefore an intensity decrease 
as the cosmic rays are reflected back and forth in the expanding cloud of 
magnetically turbulent gas which the sun has emitted. 


do OK 3k 


The experimental work was performed while I was associated with the 
Applied Physics Laboratory of Johns Hopkins University. I thank Mr. R. 
OSTRANDER for his active help, and Dr. J. A. VAN ALLEN and Dr. R. E: Greson 


OBSERVATION OF COSMIC RAY DECREASES AT THE POLE 333 


for support of the work; Mr. GLENN DyER and Mr. JoHN HucHEs of the 
U.S. Weather Bureau Arctic Section and personnel of the Danish Meteoro- 
logical Office for supporting the experiment at Thule, Greenland. Many of 
my colleagues made data available to me concerning their observations: 
S. FoRBUSH (Huancajo and Cheltenham), D. 0. Rose (Resolute, Canada), 
H. TERFALL, (Bergen, Norway), J. JACKA (Macquarie Island, Australia), J. A. 
SIMPSON (Chicago and Climax), R. L. CHAsson (Berkeley), Y. SEKIDO (Tokyo), 
D. I. DAwToN (Manchester). Solar data wery kindly furnished by Dr. W. O. 
ROBERTS. 

I am particularly grateful to Dr. H. ELLIOT who called my attention to 
the events in the summer of 1951 and induced me to undertake the analysis 
of the records. Fig. 1 of the paper was prepared by DAwTON and ELLIOT who 
assembled the cosmie ray and magnetic data. 


REFERENCES 


[1] S. E. ForBusH: Terr. Mag., 43, 207 (1938). 

[2] H. E. ELLioT, in Progress in Cosmic Ray Physics, Vol. I (Amsterdam, 1952); 
also B. Trumpy: Physica, 19, 645 (1953); A. EHMERT: Naturwissenschaften, 
41, 317 (1954). 

F. SINGER, in Progress in Elementary Particle and Cosmie Ray Physics, Vol. IV 
(Amsterdam, 1958). 

[4] T. H. JonnsoN: Terr. Mag. Atmos. Elec., 43, 1 (1938). 

[5] S. Hayakawa, J. NisHIMuRA, O. Nacara and Z. Suciura: Journ. Sci. Res. 
Inst. Tokyo, 44, 121 (1950). 

[6] S. B. TREIMAN: Phys. Rev., 89, 130 (1953). 

[7] The actual distribution of the ring current around the earth has been calculated 
on the basis of a new model of magnetic storms (S. F. SinGER: Trans. Amer. 
Geophys. Union, 38, 175 (1957)); however its effect on cosmic ray orbits has 
not yet been investigated. 

[8] H. ALFVÉN: Nature, 158, 618 (1946). 

[9] K. Nacasuima: Journ. Geomag. Geoelectr., 3, 100 (1951); 5, 141 (1953). 

[10] Y. SexIpo, M. Wapa, I. Konpo and K. KATAWABA: Rep. Ionosph. Res. Japan, 
9, 174 (1955); Y. SeKIDO: Rep. Ionosph. Res. Japan, 9, 182 (1955). 

[11] P. Morrison: Phys. Rev., 101, 1397 (1956). 

[12] P. Meyer and J. A. Simpson: Phys. Rev., 96, 1085 (1954); J. A. Simpson, H.W. 
Simpson, H. W. Bascock and H. D. BABCOCK: Phys. Rev., 98, 1402 (1955). 


(92) 


[3] 


[13] I. J. van HEERDEN and T, THAMBYAHPILLAI: Phil. Mag., 46, 1238 (1955). 
[14] E. A. BrunBERG and A. DATTNER: Tellus, 6, 73 (1954). 

[15] E. Astrom: Tellus, 8, 239 (1956). 

[16] S. Yosurpa: Nuovo Cimento, 4, 1410 (1956). 

[17] S. F. SinceRr: Bull. Am. Phys. Soc., II, 2, 192 (1957); also in this issue, p. 209. 
[18] R. R. Brown: Journ. Geophys. Res., 61, 639 (1956). 

[19] M. Kopama and K. MuRAKAMI: Journ. Geomag. Geoelectr., 8, 71 (1956). 


SUTPLEMENTO AL VOLUME VIII, SERIE X NEEZIRL9 DS 
n =’ N 
DEL NUOVO CIMENTO 2° Trimestre 


Cosmic Ray Time Variations Produced by Deceleration 
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1. — Introduction. 


The world-wide decreases of the cosmic radiation which accompany mag- 
netic storms, first described by ForBusuH [1], are quite striking and in some 
cases as large as 10%. While they are often associated with magnetic storms, 
there are many examples where the decreases occur without magnetic storms, 
and conversely magnetic storms occur without cosmic ray decreases [2]. This 
suggests that the correlation between magnetic storms and Forbush-type 
decreases is not an immediate one, but goes back to a common cause. 
ALFVEN [3] first suggested that the emission of corpuscular matter from the 
sun, which is responsible for magnetic storms, is also directly responsible for 
the cosmic ray decrease. 

Previously, the view was held that the cosmic ray decrease is due to a 
redistribution of cosmic rays by the magnetic effects of the magnetic-storm 
producing ring current around the earth’s equator. But this would lead to 
a detailed correspondence between Forbush events and magnetic storms. For 
this reason a number of authors, T. H. JOHNSON [4], HAYAKAWA et al. [5], 
and most recently TREIMAN [6], have examined this proposal theoretically. 
On the basis of their work the ring current effect appears too small; depending 
on its position it could even give the reverse effect and lead to a cosmic ray 
increase. 

A very interesting proposal has been made by NAGASHIMA [7], who has 
considered the effect of the electric polarization field which is thought to 


(*) This work has been supported in part by the Air Force Office of Scientific 
Research under Contract AF No. 18(600)-1038. 
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stabilize the ring current. This electric field would decelerate the cosmic rays 
and would therefore decrease their intensity; however, the other objections 
to the ring current hypothesis still remain. Furthermore, on the experimental 
side there has been a recent observation by SINGER [8] which rules out the 
ring current hypothesis: a magnetic strom decrease was found at Thule, Green- 
land, near the geomagnetic pole. Clearly, no symmetric ring current or any 
other change in the earth’s dipole field could account for this decrease. We 
ean conclude, therefore, that the cause of the Forbush decrease must lie at 
some distance from the earth, and that it is probably tied up more directly 
with the solar corpuscular beam, as originally suggested by ALFVEN [3]. 


2. — Theories of the Forbush decrease. 


2°1. Beam deceleration. — A general class of explanations for the cosmic-ray 
effect has to do with electric fields, set up presumably by polarization of the 
neutral but ionized solar beams. Here it is not the change in magnetic cut-off 
at the earth, but the deceleration of cosmic-ray particles passing through the 
electric fields, which is supposed to account for the intensity variations. Under 
the ALFVEN [9] model the energy lost by a particle crossing the beam is (vx H)b, 
where v is the beam velocity, H the frozen-in field carried by the beam, and 
b the breadth of the beam. 

This Alfvén model has been discussed in greater detail recently by BRUNBERG 
and DATTNER [10]. It depends critically on the assumption that there is a 
magnetic field carried by the corpuscular beam so that an electric polarization 
is produced, and that there exists also a general, although weak magnetic 
field between the sun and the earth which deflects cosmic ray sufficiently to 
prevent their acceleration by the same polarization field. The authors, however, 
neglect the deflection of cosmic rays within the beam itself, as well as refraction 
effects at the edge of the beam. As a consequence, it is not easy to see how 
one can obtain the rather good isotropy (small diurnal variations) which is 
observed at all latitudes. 

Another consequence of the Alfvén model is that the change of energy 
of a cosmic ray particle passing through the electric field is independent of 
initial particle energy: that is, the percentage change in energy is a decreasing 
function of energy. One would expect, then, to find a fairly marked latitude 
dependence, which, however, is not observed. 


22. Magnetic screening. — More recently, MoRRISON [11] has put forth the 
following picture of magnetic storm phenomena. Along with others, MORRISON 
supposes that clouds of ionized, magnetized matter are emitted from the sun 


during active solar periods. However, in contrast to ALFVEN’s view of an 
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ordered magnetic field associated with the beam, MORRISON assumes a situa- 
tion of magnetic turbulence within the clouds. Now Liouville’s theorem pre- 
Scribes that in equilibrium conditions, the cosmic ray intensity must be the 
Same inside the cloud as outside. By starting with a cloud empty of cosmic 
rays one is dealing with a non-equilibrium situation, and if the magnetic field 
is large enough, the diffusion time into the cloud may be made as long as a 
day or so, if one is willing to accept fields of the order 5-10-? G. So for this 
period of time the cosmic ray intensity within the cloud will be below the 
normal value: and when such a cloud envelops the earth one will observe a 
cosmic-ray decrease, along with magnetic effects associated with the cloud 
(via the formations of ring currents, for example). 

MORRISON’s suggestion is a very interesting one. The main difficulties with 
his picture are the large magnetic fields required to affect cosmic rays of the 
relevant energies, about 30 GeV. Also, since the diffusion time must depend 
on the particle energy, his model should lead to a large latitude dependence 
of the Forbush decrease which has as yet not been observed. On the contrary, 
the observed latitude effect is small; the variations observed by neutron 
counters [12] are only a few times larger than those of ion chambers or meson 
telescopes, much less than during solar flare increases. 

Morrison’s model has been critically discussed by PARKER [13], who has 
added the following modification: he assumes that a turbulent magnetic cloud 
can be captured and held to the earth by the gravitational field. In this geo- 
centric model the earth acts as a very effective absorber of cosmic rays and 
this lessens considerably the requirements put on the screening ability of the 
cloud. Clearly the rate of leakage through the cloud can be much higher if 
there exists a removal mechanism. PARKER also uses this’ barrier cloud to 
explain the knee of the cosmic radiation. It is not clear as yet to what extent 
this model is ad hoc and whether it is reconcilable with other geophysical 
phenomena. 

Also it seems difficult to explain polar Forbush decreases by a geocentric 
gas cloud. Further, the observations that the polar decreases are larger than 
those at moderate latitudes [8] can be interpreted most directly in terms of 
the low dispersion in direction of cosmic rays which enter into a polar telescope 
and therefore in terms of a mechanism (deceleration or screening) which ope- 
rates at some considerable distance from the earth [8]. 


2°3. Diffusive deceleration model. — The model we wish to discuss here to 
explain the storm decrease makes use of a turbulent cloud also, but it does 
not rely on the Morrison diffusion mechanism. Instead, we consider that the 
cloud is expanding and that the cosmic rays are reflected back and forth in 
a region where the turbulent energy is decreasing. We are dealing here, there- 
fore, with an «inverse Fermi» mechanism in which particles are decelerated. 
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This model does not require high fields: it should lead to a reasonably small 
latitude effect, since low energy particles will be able to diffuse towards the earth 
without losing too much energy (cf. below). Here we neglect the ionization 
loss; for very low energy particles it is of far greater importance and produces 
the «knee» (low energy cut-off of primary spectrum) [14]. 

We will now discuss the physical picture in somewhat greater detail. The 
emission of high-speed jets of gas or « puffs » of gas from the sun with super- 
sonie velocity will set up turbulence at the boundary between the jet and 
the ambient interplanetary gas. The field strength which results due to the 
large amount of twisting can be quite large. We will take values of 10-*G 
as a very conservative estimate, even though they could be much higher. 
We now picture these vortices spreading 


out into space from the beam and A 
expanding slowly, while at the same 3 
time the intensity of the field decreases A N 
see Fig. 1). At first, to estimate the 3) S pe 
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Fig. 1a) and b). — Schematic diagram showing the production and spreading out of 


hydromagnetic turbulence from the vicinity of the sun into interplanetary space. 
(a) shows the situation after a solar eruption; (b) about a day later. Cosmic rays which 
are trapped in this region share in the expansion, hence lose energy. 


expansion, we will take a distance of one astronomical unit, about 10! cm, 
and a time of the order of a day, about 105 s (*). We will now examine the 
variation of energy density with time. Starting with field values of the order 
of 10-4G, we have: 


== 
Energy density w = uH /Srm— 41072 erg/cm* . 


After 10° s and expansion of roughly a factor of 2, the energy density, ac- 
cording to BATCHELOR [15], has decreased by 2-4 and is therefore 0.25:10-™. 


(*) The above figures can be made plausible by considering experimental evidence. 
The fact that the decreases are observable at the pole [8] shows the large extension of 
the phenomenon. The time constant is also apparent from the experimental obser- 
vations. 
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The average decrease in energy density therefore is: 


4 = 4° 10-"ere/cim 84 

A 30 GeV proton has a radius of curvature of 10% cm if H=10-*G. We 
estimate, therefore, an average time of 1008 in the turbulent region, and 
therefore an energy loss of 4-10-13 erg/em?. We note that this figure is of the 
same order as the energy density of cosmic rays in the vicinity of the earth, 
which is 10-” erg/cm8. The rough equality of the two figures makes it plausible 
that decaying turbulent magnetic fields will « pump » energy out of cosmic rays. 

It is possible also to consider the particles as being reflected from centers 
having high magnetic fields which recede from each other due to the expansion. 
This view corresponds to an inverse Fermi effect, since it is similar in principle to 
the acceleration mechanism considered by FERMI [16] to take place in galactic 
space. The fractional energy loss per collision « is: 


a= 0U/U = $(Vie? ~ 10, 


where V > the average expansion velocity (about 1.5-10!* cm/105 s). But in 
the diffusion model the number of collision N =(L/4)*(1.5:101*/1012)2 a 200. 
With U~30 GeV, AU= UN« and is more than adequate to give the neces- 
sary deceleration, about 3-108 eV, to account for the observed decrease (*). 


3. — 27-day variation. 


We consider the 27-day variations closely related to the Forbush decreases 
and produced essentially by the same mechanism, but on a smaller scale [8]. 
It is well known that the sun has centers of activity (so-called M-regions) which 
emit corpuscular radiation for many solar rotations. In our view, the emission 
is weaker than during the large magnetic storms, resulting in a weaker tur- 
bulence generation and smaller cosmic ray effect. 


4. — Solar cycle variations. 


FoRrBUSH [17] has recently published the remarkable records obtained with 
lead-shielded ion chambers at various stations throughout the world. There 
are many irregular fluctuations observed simultaneously at all stations. Over- 
riding all of these irregular, though by no means small time variations, there 
exists a pronounced trend apparently associated with the solar cycle. The 
peak-to-peak variation is nearly 4%. The intensity is clearly inversely cor- 
related with sun-spot number. 


(*) Or since AU/U ~ Ap/p ~ 2%, then from Liouville’s theorem the intensity 
j=Dp?p decreases by ~ 4%. 
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41. Solar origin of cosmic rays. — ALFVEN [9] has given an interpretation 
of this effect in terms of a model in which the bulk of the cosmic radiation 
is accelerated by field variations in the vicinity of the sun. His model also 
explains the diurnal variation observed during the solar cycle. 


42. Galactic origin of cosmic rays. — MORRISON [11], on the other hand, has 
tried to account for the solar cycle variation by assuming that his diffusion 
process operates over a much larger volume, of the order of 100 times the 
sun-earth distance. Similarly, PARKER [13] assumes that his geocentric clouds 
lead to a depression in intensity near the earth of the galactic cosmic radiation. 

Our view is similar, namely, that the decreases are due to the cumulative 
effect of solar corpuscular emission which is at its maximum when the cosmic 
ray intensity is at a minimum. We are dealing here with effects which are 
too small to be detected as individual Forbush decreases, but add up to cause 
a general lowering of the cosmic ray intensity. A striking example was the 
6-months decrease which started in February, 1946 [17]. This change in 
intensity implies a change in the spectrum with solar cycle. In fact, a steepening 
of the low energy portion of the primary spectrum has been found by MEYER 
and Simpson [18]. In addition, it appears that the very low energy portion 
of the cosmic ray spectrum, below about 500 MeV, is present during the period 
of the minimum of the solar cycle [19]. 


5. — Experimental tests. 


Our most important lack of information is with regard to the primary 
radiation, since all continuous measurements so far have been carried out at 
sea level and mountain altitudes. Changes, if any, in the composition of the 
primaries are of interest; but for the interpretation of the Forbush decreases 
the energy spectrum of the primary radiation is of particular importance. 
Theories of the type discussed by ALFVÉN [9], NAGASHIMA [7], or in the present 
paper would lead to a deceleration of particles, and therefore to a shift in the 
position of the knee; while the pure decrease, such as assumed by MORRISON DLL 
would simply reduce the number of incident particles and therefore show a 
different type of latitude effect, but without disturbing the position of the 
knee for protons (nor for heavy primaries). 

From an experimental point of view, the different theories will lead to 
different types of variations of the primary intensity with latitude; hence it 
would be very rewarding to measure the primary spectrum during the Forbush 
decrease. In order to establish a shift in the position of the knee, we must 
use either time-correlated high-altitude balloon flights, or time-correlated rocket 
flights, or observations of the primary radiations by means of an artificial 
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earth satellite [20]. A schematic presentation of the types of latitude effects 
is shown in Fig. 2. 


Vertical 


Cosmic Ray 7 
Flux above / 
atmosphere /? 
dr rea Tre 


Geom. Lat.a 
0 90, 
Fig. 2a. 
Fig. 2. — Schematic diagrams of latitude curves obtained by means of a satellite; 


1) for a normal cosmic ray spectrum; during a FoRBUSH decrease; for a decelerated 
spectrum (2), and for an attenuated spectrum (3). (The decelerated spectrum is shown 
unattenuated for sake of elarity) (Ref. [20]). 
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Fig. 3. — Schematic dia- 
grams showing the 
increase in total flux 3 
as a function of alti- 
tude at the geomagnetic 
equator. The abscissa 2 
is given in terms of earth 
radii. The solid line (1) 
shows the normally ex- 
pected variation calcu- 
lated from the primary 
spectrum and geomag- Bo Altitude (in units of earth radii ) 
Pebiektheonyelbe:dash. Mr“ ee 
line (2) shows the flux 

variation during a FORBUSH decrease; the cosmic ray intensity is supposed to be depressed 
at large distances from the earth as well. The dotted curve (3) shows the flux variation 
expected from the geocentric theory of Parker; it may be possible even to observe an 
additional increase due to cosmic rays which are reflected by the geocentric barrier. 
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A clear-cut experimental test seems possible with respect to Parker’s geo- 
centric theory. Since his barrier extends out to~3 earth radii, rocket ex- 
periments to extreme altitudes could establish whether the Forbush decrease 
is local or exists also at large distances away from the earth, as would be 
expected from the model described in the present paper. Fig. 3 shows the 
altitude dependence which may be obtained for the two different cases. 
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On the Low Energy Cut-Off of the Cosmic Radiation (*). 


S. F. SINGER 


University of Maryland - College Park, Maryland 


1. — Introduction. 


- The existence of a latitude cut-off in flux («Knee») due to the absence 
of low energy primaries has been established near 58° in rocket experiments 
by VAN ALLEN and SINGER [1], MEREDITH, VAN ALLEN and GOTTLIEB [2], 
and balloon experiments conducted by NEHER, PETERSEN and STERN [3]. 
These measurements were carried out in the period of 1950-1952. In more 
recent flights, however, during 1954, NEHER and STERN [4] found that the 
latitude cut-off did not exist and deduced from the observed increase between 
latitudes 58° and 68° that the proton spectrum extended down to 150 MeV. 

Some questions are raised in the interpretation of the low energy cut-off 
in the primary radiation and of its apparent shift with time. In 1954 we 
reached the minimum of the solar cycle, as judged by sun spot number; ap- 
parently, the presence of the knee or at least its position is correlated with 
the sun spot number [4]. This possibility had been suggested also by PomE- 
RANTZ and VALLARTA [5]. 

A very important approach to the study of the very low energy spectrum 
has been made by ELLIS et al. [6]. In order to establish whether the cut-off 
is due to a magnetic field, they have investigated the cut-off rigidity for 
heavy primaries as well as for protons at the same magnetic rigidity. However, 
recent experiments [7] with photographic emulsions in extremely high altitude 
balloon flights give a contradictory result, showing a differential x-spectrum 
with a peak at 300 MeV per nucleon and a peak at a higher energy per nucleon 
for very heavy primaries. 


(*) This work has been supported in part by the Air Force Office of Scientific Re- 
search under Contract AF No. 18(600)-1038. 
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In view of the latter result, and for reasons listed below, we can no longer 
assume that the cut-off (at ~560 MeV for protons) is due to a solar dipole 
field, as suggested earlier [8]. We must take into account: 


(i) The negative results of measurements of the surface field of the sun [9] 
(ii) The absence of the expected diurnal variation [10]. 


(ili) The analysis of solar flare increases of cosmic rays, and of the 
maximum deviation of the particles in their travel between the sun and the 
earth which places an upper limit of 5-103? G em’ on the solar dipole moment, 
about 1/10 of the value necessary to explain the cut-off [11]. 


No alternative explanation has as yet found general acceptance. In prin- 
ciple, the cut-off could be inherent in the source and indicate a deficiency of 
low energy particles coming from the acceleration process. The presence of 
low energy primaries during periods of little solar activity would then be dif- 
ficult to reconcile with a theory of galactic origin. 

Another possibility is that the knee is caused by an effect between the 
source and the earth. It is very suggestive that the cut-off (at least in 1950-52) 
occurred at an energy where protons begin to be non-relativistic and the 
ionization loss begins to rise rapidly (*). If one adopts a simple model in 
which the radiation passes through a fixed absorber, it is possible to remove 
the very low energy primaries, but impossible to produce a sharp cut-off near 
500 MeV (+). 


2. — « Lumpy » field model. 


The picture favored here is that of a « guillotine effect » which does not 
violate Liouville’s theorem. We adopt a model of interplanetary space where 
there are large fluctuations of gas density which are associated, because of the 
high conductivity, with similar fluctuations in magnetic field. High rigidity, 
high energy particles will traverse these regions without difficulty. Low ri- 
gidity particles will undergo a much more complicated motion. In the steady- 
state, no-energy-loss case, this would not affect their intensity (because of 
Liouville’s theorem); they would merely spend more time in the high magnetic 
field regions. However, the non-uniform density implies that non-relativistic 
particles will lose energy at a faster rate; this will lower their intensity con- 


(*) Professor B. Rossi called attention to this point some years ago. ee 

(+) This was done independently by J. A. VAN ALLEN (private communication), 
by the writer (unpublished), and probably by others as well. These attempts had two 
things in common: (i) the absorber thickness was the same for all particles regardless 
of energy, (ii) the Liouville factor was not taken into account. 
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siderably (because of the Liouville factor) (*). They will eventually lose enough 
energy to be caught in a high field region and not escape; this will reduce 
their intensity to nearly zero. Fig. 1 schematically represents this effect 


produced by introducing a non-uniform density. 


weak 


strong field strong 


(a) Uniform Density; no appreciable absorption 


Enyelope for traversal # 


Hign Density 


Reflection 
takes place here 
after 2nd traversal 


Reflection takes place 
here after ist 
traversal 


(b) Non Uniform Density 
Fig. 1. — Schematic diagram showing how a «trap» is created for a non-relativistic 


particle when high density and high field are coupled. (a) uniform density; no appre- 
ciable absorption; (b) non-uniform density. 


In order to treat the effect of a decaying and expanding turbulent field 
on low energy cosmic rays, we must examine more carefully our previous 
model [12] developed to account for Forbush decreases. The energy loss there 
takes place on a statistical basis, i.e., a particle may lose or gain energy. Now 
on the average the losses outweigh the gains in an expanding turbulent re- 
gion [12]; but this by itself does not produce a «knee ». However, when an 
energy loss becomes of the order of magnitude of the total energy of the part- 


(*) A generalised treatment of Liouville’s theorem yields for the differential in- 
tensity j= Dp?fe, here D is particle density in phase space. When the relative change 
in the momentum p is small, the flux is hardly affected; but when, for example, p TS 
cut in half by a deceleration, the flux is reduced to 1 of its former value. In the non- 
relativistic region the reduction is even greater, since now is affected; effectively, 
then, j varies as p?. 


eo 
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Or 


icle, then the particle has a strong chance of disappearing; once it has been 
decelerated into the non-relativistic region, it will lose energy very rapidly 
due to ionization and can no longer recover and regain energy. This process 
is seen plausible when we examine the energy decrease according to Fermi’s [13] 
model. The fractional energy loss per collision « — AU/U is of the order 
of 4(V/e)?. To be conservative, we will adopt the low value of 100 km/s for V, 
about 10 times less than its value following a solar outburst [12]. We find 
then «~10-7. The number of collisions N is given as (L//)?, about 10°. 
L is — 108 em, 2 = 3-10" em corresponding to H = 10-'G. (We must adopt 
a rather low value for J, since the particle, because of its lower rigidity, can 
now be reflected by lower magnetic fields which one would expect to find spaced 
closer together (*)). The energy loss is seen to be a substantial fraction of the 
particle’s kinetic energy when the particle becomes non-relativistic, since 
AU/U ~1°%, where U is the total energy; at the same time since the ionization 
loss rises rapidly, proportional to Z?/p?. 


3. — The « Knee» as an indicator of interplanetary turbulence. 


The picture we have, therefore, is the following: Periods of high activity 
in the solar cycle (given by a suitable index of solar activity, e.g. sunspot 
number) lead to increasing lumpiness (turbulence) of the interplanetary gas 
and magnetic field. The general cosmic ray intensity (average energy 30 GeV) 
is then lowered by the deceleration produced by the expansion and decay 
of turbulent interplanetary magnetic fields [12]. For very low energy primaries 
(around 1 GeV) this deceleration can be catastrophic, since it involves a large 
fraction of their kinetic energy. Once a particle by chance slips into the non- 
relativistic region, the ionization loss becomes dominant; the particle cannot 
escape from a high field region once it is trapped in it. These regions, there- 
fore, become effective sinks for non-relativistic particles and remove them ra- 
pidly from the cosmic radiation near the earth. During periods of low solar 
activity the interplanetary field structure is smooth; the «traps » are now re- 
duced and the position of the energy cut-off (and knee) is found to be lowered. 
Superimposed on the general slow shift of the cut-off energy during the solar 
cycle, we may expect to find more rapid fluctuations, a study of which would 
indicate the effectiveness of the process described in the present paper. For 
example, a particularly appropriate time for observation would be following 
an extended period of low activity during which the cut-off energy might be 
lowered to a value which depends on the efficiency of our process; after the 
commencement of high activity one could then study the time-constant with 
which the cut-off energy moves upward towards the relativistic limit. The 


(+) Such a reflecting center would have Hl ~ 3-10°; typically H ~ 10-? gauss and 
1 the dimension of the center ~ 3-10° cm. 


= 
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cut-oft energy for primary protons thus becomes an indicator for the average 
degree of turbulence of the interplanetary medium. A detailed study of the 
position of the energy cut-off with time can therefore be used to study the 
degree of turbulence in the interplanetary gas. 

The considerations presented must be treated with some reservation, since 
they are intimately tied up with the way in which the low energy cosmic 
radiation is produced. In a theory of solar origin, as for example proposed by 
ALFVEN [14], one cannot discuss the absorption effects apart from the pro- 
duction of cosmic rays; we must combine them in an appropriate manner. 


4. — Experimental tests. 


In principle there are two experimental methods for measuring the position 
of the energy cut-off; one depends on the earth’s magnetic field to analyze 
momenta, in other the energy of the particles is measured directly, e.g. in a 


ao) 


photographic plate. The first method is generally carried out by measuring 
intensity of cosmic rays 


/ Vv as a function of geo- 
=> 7 È + 2 
Vi os magnetic latitude; it 

4 2 = 
vi a can be carried to the 


logical extreme by 
mounting a Geiger 
counter into an artifi- 
cial earth satellite ve- 
hicle to give a conti- 
nuous indication of the 
form of the energy 
spectrum and the po- 
sition of the cut-off. 


3 


J (part. /em*-s) 


Altitude ( in units of earth radii) A different approach 
% 1 7 prese" consists of projecting 
a Geiger counter from 

NO ITA, Drop the equator upward to 

several earth radii [15]. 

RR This method eliminates 

central mechanism(Parker) uncertainties arising at 

Low energy cutoff (knee) high latitudes from the 


(during high sol tivit i 
g high solar activity) imperfect knowledge of 


the shadow cone, ef- 
fects of quadrupole 
Fig. 2. — Variation of omnidirectional cosmie ray flux field and atmospheric 

vs. altitude at geomagnetic equator. currents. Fig. 2 shows 


Altitude 


Oise 
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the counting rate to be expected as a function of altitude. It has been computed 
for a momentum spectrum n(p) = 0.48p'!. In this calculation the geomagnetic 
(rather than geometric) shadow effect of the earth was taken into account (*). 

The direct method is par- 
ticularly appropriate to measu- 
re the energy of «-particles and 
heavy primaries. According to 
the model presented here one 
would expect the cut-off to be 
not sharp, i.e. the existence of 


H 


He & heayier 


some particles of energy below 
cut-off. Also, the cut-off should 
occur at higher rigidities for 
primaries of higher charge, since 
there the ionization loss is more 
important (Fig. 3). Experi- 
ments of the type carried on 
by the Bristol and Minnesota 


Kinetic Energy per nucleon 


Fig. 3. — Schematic diagram showing the position of 
the energy cut-off for primaries of different charge 
[7] groups should be very im- under two different theories: (a) magnetic screen- 
portant in this connection. ing; (b) diffusive deceleration plus ionization loss. 


(*) This measurement could also discriminate between the mechanism proposed 
in the present paper (in which the low energy cut-off exists throughout at least the 
inner part of the solar system), and the geocentric mechanism proposed by PARKER [16] 
in which the cut-off is local, produced by a cloud of turbulent gas within 1-2 earth radii. 
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Stormer Orbits of Low Energy. 


A. SCHLUTER 
Maxr-Planck-Institut fiir Physik, Gottingen 


The equation of motion of a charged particle in the field of a magnetic 
dipole allows for a similarity transformation as has been found by C. STORMER. 
Instead of considering particles of different rigidity in a fixed field one needs 
only consider the trajectories of a fixed rigidity and finds the trajectories cor- 
responding to all other rigidities by a change of the linear scale. This is most 
conveniently done by introducing the Stòrmer unit of length, so that the 
radius of the earth expressed in this unit (which will be denoted by A) is a 
measure of the rigidity. Table I gives the relation between this quantities 
according to momentum P= 59-10? A? [eV -Z cl. 


TABI, I 
Di Dot 
4 in 10° eV:Z/e egime 
infinit infinite 
Si vo : ; 59 | small deflection 
0.4 95 { large deflection | 
0.1 0.59 spiralling (ALFVEN) | 


Inspection of numerically calculated trajectories shows that one has, de- 
pending on A, three relatively distinct regions of different behaviour of the 
trajectories . 

a) For A> 1 the magnetic field exerts only a minor influence, shifting 
the points of impact somewhat, mainly in the direction of earlier hours (for 
positively charged particles). 

by) Hor tee 70-4) large deflections occur—the particles may greatly 
change their longitude and may alternate between northern and southern 
latitudes. 
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c) For A< 0.4 the particles behave according to what one might call 
the Alfvén regime. They spiral around the line of force with increasing pitch 
angle 9 (= angle between the velocity vector and the local line of force) as 
A decreases until they are reflected, where 4 reaches 90°, and return—except 
for that set of trajectories (of measure zero) which finally reach the point 
A=0 and which we call « Nullbahnen ». At the same time not all latitudes 
remain accessible to particles coming from infinity, but for decreasing A 
(starting at A= 0.5) a belt of increasing width around the equator forms a 
forbidden region. 


It is this last regime we are here concerned with. Consider now a certain 
line of force and the particles of fixed rigidity spiralling around it. Assume 
that the number of those particles having a certain pitch angle ? (as defined 
before; 9 < 90°) at a certain distance A, from the centre, can be described 
by a distribution function 


Q{sind ; A} d sin9, d<90° 


(by using sin as the argument, an isotropic distribution corresponds to 0) 
being independent of sin 9). 

As the particles approach the central dipole, the magnetic field H increases 
and the pitch angle # of every individual particle increases so that along a 
trajectory 


(sin? ?)/H = const. 


Since every line of force gets closer to the axisas A decreases, the latitude 
dependence of the strength of the magnetic field may be neglected and H is 
proportional to A~*. Therefore the distribution at a distance A, < A, follows 
from that at a distance A,, as 


| ART 
Rao Zi e S = : 
Q{sin 7, A,} (È) 0) e { (È) ) du 


If now A, +0, it is only the vicinity of 9 + 0 in the original distribution 
(that is in Q{sin 9, A,}) which matters, and if we now assume that this distri- 
bution shows no singularity at 9 = 0, the distribution will become more and 
more isotropic (i.e. independent of sin? for 9 — 90°) as A decreases, regard- 
less of its form at larger distances. At the same time the total number of 
particles associated with a given line of force decreases as A73, 

Thus, once we know the number of particles spiralling at a given A, around 
every line of force (A, sufficiently small so that the Alfvén regime applies) 
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we possess as well all possible information about the particles at all smaller 
values of A, (or of smaller rigidity P when we make use of the inverse Stormer 
transformation). We know the points of impact since the particles follow 
the lines of force (with a maximum relative deviation «A*), we know their 
intensity since it varies as A-3, and we know their angular distribution, which 
is isotropic (strictly only for 3 < 90° and neglecting the shadow effect of the 
earth. This is of no consequence in the limit A — 0 since the lines of force 
in the allowed region there approach the vertical). 

It therefore remains only to determine the number of particles associated 
with all lines of force (outside the forbidden belt), given a distribution of 
sources in infinity. To do this we reserve the argument and follow the trajec- 
tories form some small distance backwards to large distances and eventually 
to infinity. If we start at a very small A= A, where the pitch angle of a 
certain particle is ® (< 90°), we know that at a larger A=A,> As (A, in the 
Alfvén region) the pitch angle had been smaller by (A,/A,)*; therefore for 
large A (but still in the Alfvén region) the trajectory must have been very 
closely parallel to a line of force and therefore also to a N ullbahn, since in this 
region the Nullbahnen make a contact of high order with the lines of force 
(up to A‘ for the dependence of the latitude on A). Therefore all particles 
found at the same small A to be circulating around the same line of force 
— including the Nullbahn osculating that line of force—must have come from 
an infinitesimal vicinity of a point in phase space at infinity—infinitesimal, 
if A can be considered infinitesimal. È 

To find that point it is only necessary to follow any one of these trajectories 
back to infinity. This has to be done by numerical integration. The natural 
choice is to select for this purpose the Nullbahn osculating the line of force 
considered. By calculating all Nullbahnen, one then knows where every par- 
ticle has come from that reaches the earth at a small A (i.e. with a momentum 
well below 10 GeV-Z/c). Since the assumed dipole field possesses an axis 
of symmetry, it is only necessary to calculate the one-parametric set of Null- 
bahnen which have at infinity (or alternatively at A > 0) a certain longitude 
(which can be assumed to be zero). In continuation of earlier numerical work 
by C. STORMER, and using his methods, this has been done by R. LUst and 
A. SCHLUTER to a sufficient extent for our present purpose. The Fig. 1 and 2 
give a graphical representation of their results (*). 

As parameter which uniquely determines the individual Nullbahn, the 
quantity 2y (0 <2y <2) has been used; 2y is defined as the angular mo- 
mentum component around the axis of symmetry in the non-dimensional units 
of Stormer and has as such been introduced by STORMER (however with the 


(*) The present author wishes to express his thanks to these authors for their kind 
permission to use their results prior to publication. 
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opposite sign). The upper part of Fig. 1 gives the latitude (more precisely 
the distance n from the south-pole) at infinity as a function of 2y. The middle 
part gives the change in longitude between infinity and A -—0. The indi- 
cated local time holds for positively charged particles starting at infinity on 
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the 1200 hour-meridian. In the lower part of Fig. 1 the latitude v is given 
at which the Nullbahnen of different 2y and of the four different energies 
indicated intersect the surface of the earth. The figure refers only to Null- 
bahnen impinging on the northern hemisphere. For 2y approaching 2 the 
Nullbahnen become more and more complicated, and it was not possible to 
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draw continuous lines in this region. Fig. 2 is a blow up of the region 
1.8<2y<2. For 2/>1.863 the values of n and v are indicated by points 
which are equally spaced in 2y at intervals of 0.005, except for a few Null- 
bahnen (indicated by x) which were too complicated even for the electric com- 
puter employed. In the 
upper part of Fig. 2 the 
points scatter around the 


equator not deviating 
from it by more than 14 
degrees. The points of 
impact are distributed 


Distance from SP Infinity 


almost at random in lon- 
gitude (middle part of 
Fig. 2) while they occupy 
for a fixed rigidity only a 
very narrow belt in lati- 
tude (lower part of Fig. 1) 


which is. close to the 3 
forbidden belt around See 
the equator. x 
The use of these 3 
graphs may be illust rated 2 


by an example. Assume 
a source of particles 
at infinity at 5° to 10° 
south of the equator 18 785 79 ios ap 20 
(n = 85° + 80°). Particles 
from this source can tra- 
vel along groups of Null- AT No Minimum 
‘bahnen around distinct 
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Fig. 2. 


locations, in the vicinity 

of which then all particles 

of low momentum have to arrive, forming impact zones on the earth as 
first described by the author. The impact zone of lowest 2 (1-st impact 
zone) corresponds in this example to 2y = 1.05, the particles arrive at 2 ~ 8 
hours (positive particles, source at noon) and at a latitude of, for example, 
è w 64° N if their momentum p —2.4:10%eV-Z/e. The second impact zone 
corresponds to 27 ® 1.67; A~ 3 hours; and va 55° N. For the third: 2y ~ 1.85; 
4 —19 hours; and v = 53° N. Then follows an infinite series of Nullbahnen 
at almost the same y (and therefore almost the same v) having widely different 
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deflections in longitude. Finally out of the 28 trajectories calculated in the 
completely confused region 2y > 1.863, three contribute to the Nullbahnen in 
the range considered in this example. 

We are now in the possession of all information to answer a question of 
the following kind: At a certain location on the earth, particles of a certain 
energy (in the Alfvén region) have been observed—where on the sky outside 
the earth’s magnetic field have they come from? We can however not yet 
answer the following additional question: The observed intensity of these 
particles was such and such—what was the intensity at the source? Nor can 
we answer the opposite question: Given a distribution of sources at infinity, 
what will be the distribution of the intensity for the different impact zones. 
on the earth? 

To answer these questions we must find in addition to the information con- 
tained in the Fig. 1 and 2, a relation between the intensities at infinity : 


S{P, cos n, A}dP dcosnda (source-function) 


and the occupation function for the different Nullbahnen 
C{P, 2y, A} AP d(2y) da (occupation-function). 


We define precisely: SdP d (cos n) d is the number of particles per steradian 
emitted by the surface element of the sky d(cos n) d in the momentum range 
dP into the solid angle occupied by the earth as seen from the source, 
making the obvious assumption that S is constant over this infinitesimal solid 
angle. Furthermore: CAP d2yd7 is the number of particles per steradian of 
momentum P... P+dP, associated with the Nullbahnen arriving in the lon- 
gitude range di and in the latitude range corresponding to 2y ... y+ d(2y). 
We recall that the distribution over the angle ? may be assumed to be iso- 
tropic. Because of the axial symmetry of the magnetic field, the elements of 
longitude dA transform between source and receiver as 1:1, the value of the 
deflection in longitude being known (cfr. the middle parts of the figures). We 
therefore drop the explicit reference to the dependence on 4. As I shall show 
the desired relation is then simply 


AR? 
C(P, 27) ae S(P, cos n), 


where values of 2y and the latitude of the source n — 90° corresponding to 
one another have to be taken (cf. the upper parts of the figures), and where 


STORMER ORBITS OF LOW ENERGY di 


nr 
2 


R=radius of the earth and 


A = (P/59-10° eV(Z/c))* , 


as before. 

Before proceeding to prove this theorem let us illustrate its use. Consider 
again the example studied before: The source-funetion is known and equal 
to a constant (say = 1 in some units) in the range 80° << 85°, and zero 
outside as indicated in the Figures. Let P be 2.4 GeV-Z/c so that A= 0.2. 
Then C= 0.1? for all values of 2y such that 80°<n(2y)< 85°, (n as a 
function of 2y is plotted in the upper parts of Fig. 1 and 2) and C = 0 for 
all other 2y. That is: C is different from 0 for the intervals of 2 indicated 
by thick lines on the 2 -axis of the plots. 

The total intensity in a certain impact zone is then proportional to 
the width of these intervals. In the confused region 2y 1.863, each 
calculated point may be considered as representative. for an interval. of 
2y equal to the spacing of the points. Since three points fall into the strip 
in n considered, a weight of 0.015 has to be ascribed to this background in 
this case. Table II gives some numerical information for the example con- 


TABLE II. 
80°<n< 85° 2y Longitude | Latitude | Width in 2y 
zone of impact (local time) | at A=0.2 | 
| | 

l-st 1.05 | 8h | (Rn NI 0.090 

2-nd 1.66 3h 54°.8 | 0.040 

3-rd | 1.852 19 h est | 0.0030 

4-th 1.861 15h 51°.22 | 0.000 5 

5-th I 1.863 | 6h fe 5120 | 0.00002 | 
«background» | 1.863+2.00 | random | 51.2 — 50.8 | a 0.015 | 


sidered. The smallness of the contribution of the higher impact zones is. 
particularly obvious in this case. In a similar fashion the distribution on the 
earth of the particles coming from a more general distribution of sources can 
be determined. 

Now a preparatory remark to the promised proof of the relation between 
S and 0. As has been said before the Nullbahnen follow very closely the lines 
of force in the Alfvén region. The equation of the line of force in a given 
meridional plane is cos? v/r = const, where v is the latitude and r the dis- 
tance from the dipole. It is easily proven that the partienlar line of force 
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to which a Nullbahn of given 2y approaches, is simply given by 
cos? v/A = 24 (St6rmer units). 


If now CP, 2y} is a continuous function of 2y, the intensity of the particles [ 
per surface element of the earth d?/= R?d sinvd) (k= earth’s radius) fol- 
lows as: 

1 C2y 


ISP, sinvs ah = 04P, 2y(P, sin v)! — ~~ ar 
xt) j a (P, )} De 10 gin © ’ 


where the A-dependence has again been dropped and where the partial deri- 
vative has to be evaluated at constant P (i.e. constant A). According to the 
relation given, this derivative is 


02y 2 

€ / 

Aa i Vv 1 Te” 2 A b) 
o sin v A ¥ 


or to the lowest order in A to which we want to restrict ourselves: 


Therefore 
I <P, sin. v} = 20 {P, 2yp/ Ar, 


where |sinv| = VARE 2yA > V1—2A; P! oc A<0.5 as before. (I is closely re- 
lated to 7 introduced earlier, the latter refers to Stòrmer units however. The 
A~1-R~ dependence of J for fixed C corresponds to the A-* dependence of Q 
along a line of force, i.e. for fixed 2y). 

Using now the intensity on the earth J, rather than the occupation fune- 
tion C the relation to be proved is simply 


IP, sine} = S{P, eos 


where » and n have to be chosen so as to correspond to the same 2y. For 
jsinv|<V1—24 to which 2y > 2 would correspond, I = 0, since these lati- 
tudes correspond to the interior of the forbidden belt around the equator. 

The proof of the identity /= S now rests on Liouville’s theorem. This 
states when applied to our problem that an isotropic distribution of sources 
at infinity leads to the same intensity everywhere on the earth where trajec- 
tories exist which connect the point of impact with infinity. Since now in 
our approximation only that part of the sky contributes to which the same 2y 
corresponds (and which has a longitude corresponding to the calculated de- 
flection in /), the intensity in other parts of the sky does not matter and we 
arrive at the stated relation. 
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We have to add two remarks to this proof concerning the neglect of ab- 
sorption in applying Liouville’s theorem. Absorption of course occurs on the 
surface of the earth (or within its atmosphere which amounts to the same 
thing for the present argument). This affects the particles of a pitch angle 
close to 90° and larger than the angle between the line of force and the hori- 
zontal. This effect seems to be of no particular importance, since these par- 
ticles of grazing incidence are rarely ever observed. It also disappears in the 
limit A — 0. | 

Absorption also plays a réle under the following circumstances: Assume 
a trajectory coming from infinity entering the Alfvén region spiralling around 
a line of force (or equivalently around a Nullbahn) returning at A = 0.22 
(say) traversing again the large deflection region and re-entering the Alfvén 
region and finally reaching A=0. This is a Nullbahn and it is necessary to 
account for the contribution made by the trajectories associated with it if 
we are interested in rigidities corresponding to A < 0.22. If however the 
rigidity is larger than this, then these particles would be absorbed before 
arriving at the impact zone corresponding to the eventual v and 4 of this 
Nullbahn for A 0. At the first passage through the Alfvén region preceding 
the assumed minimum at A — 0.22 the particles including the Nullbahn are 
counted as belonging to the Nullbahn around which they are circulating in 
this region. We therefore arrive at the rule not to count the contribution of 
those Nullbahnen which have a minimum at an A which is smaller than that 
corresponding to the rigidity considered. The Nullbahnen of a 2y < 1.863 
do not show a minimum (other than A= 0). Corresponding, this effect is re- 
stricted to the region contributing to the « background ». In the lower part 
of Fig. 2 the lowest minima along the calculated Nullbahnen are given. For 
the few unfinished Nullbahnen the lowest minimum encountered before break- 
ing off has been given. It is seen that at A ~ 0.2 the diminution of the 
«background » due to this effect is quite noticeable. 

In concluding, I should like to make a remark on the accuracy of the 
procedure employed. We have used Alfvén’s method of treating the motion 
of a charged particle in an inhomogeneous magnetic field only in the simplest 
approximation by taking the particles as spiralling around a fixed line of 
force. In the next approximation the inhomogeneity of the field and particu- 
larly the curvature of its lines of force leads to a shift in longitude also in the 
Alfvén region, the amount depending on the rigidity and on the pitch angle. 
Consequently our results are more precise as to the latitudes rather than to 
the longitudes of impact derived. 


ok * 


I should like to thank R. Liisr for discussions on this subject and K. KATTER- 
BACH for the preparation of the graphs. 
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4. — The determination of true primary energy spectrum variations for high 
energies (~10!° eV) requires pu-meson variations data. Thus we must be 
able 1) to eliminate from the data the meteorological variations, and 2) to 
use the data subsequently in order to obtain the true primary variations from 
secondary ones. 

A method for eliminating atmospheric effects had been proposed and de- 
veloped in the Soviet Union in 1946-1951 [1-5] and extensively tested and 
applied. (Similar methods were lately developed by OLBERT [6], MAEDA and 
WADA [7] and others). It was briefly communicated in Guanajuato [5]. Here 
we report: 1) its extension to meteorological effects of the neutron and the 
soft components, etc.; 2) additional cases of its check; 3) its application to 
deduction of true variations, essential in connection with solar activity, namely, 
of long-term and seasonal changes of diurnal variations and for the determi- 
nation of the direction to the source of diurnal variations. The results in many 
points differ from those of other investigators, who did not use this method. 
After elimination of atmospheric effects (which, in some cases are inessential) we 
obtain primary variations in a number of cases using the « coupling coef- 
ficient method », which is an extension of the NEHER [8] and SImPson [9] 
procedure. We find the energy spectrum of the 23 February 1956 solar flare, 
and some more crude results for previous flares. 


z<.— It has been shown by the present authors [1, 2, 4] that the expected 
meteorological variations of u-mesons are equal to a sum of a simple baro- 
metric effect and of an integral over the atmosphere 


(1) 


SN, 
N 


u 


ho 
= BON, + [Wat dT (h') dh’ . 
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Here enter: 1) the temperature coefficient density W(h'), which has been 
already tabulated for a variety of experimental conditions (various depths in 
the atmosphere and underground, various inclinations of telescopes, ete [2, 4, 5]). 
It differs somewhat from that found later by MAEDA and WADA [7]; 2) va- 
riation of temperature 57'(h’) at various isobaric levels which is taken from radio- 
balloon data. No arbitrary parameters enter the calculations. Let us de- 
monstrate new cases of application of this method. 
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Fig. 1. — Seasonal variations of hard component intensity at four stations at sea level: 

Moscow, Irkutsk, Sverdlovsk, Yakutsk. Curve: calculated average meteorological 

variations; triangles: measured for 1953; squares: for 1954; crosses: for 1955; 
circles: IV-1951 — III-1952. 


1) Take the seasonal variations. In Fig. 1 we give the results of a few 
years of ion chamber measurements at four Soviet sea level stations. It is 
seen that the observed seasonal variations almost completely reduce to the 
meteorological ones. The same conclusion was communicated by us in Cre 
najuato. It was recently drawn also by BACHELET and ConForto from their 


own measurements [10]. 
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2) Now take the diurnal p-mesons variations. Their amplitude is known 
to change from season to season. This, if true for primary variations, could 
lead to various important conclusions concerning their origin (for instance, to 
a conclusion on existence of sidereal variations). However, if meteorology is 
excluded properly, then the amplitude and the phase remain practically 
constant throughout the year. In Fig. 2 we see the harmonic dial 
where calculated meteorological va- 
riations explain almost completely 
the seasonal changes of phase and 
amplitude of diurnal variations [20]. 


Winter 


Fig. 2. — Excess of diurnal variations for Fig. 3. — Diuraal variations measur- 
various seasons over the average for the ed: 1. Cheltenham, 1946; 2. Moscow, 
year in Moscow. Crosses and small 1951-1952; 3. Moscow, 1953-1954 (ar- 
circles: calculated meteorological excess ; rows). Calculated temperature variat- 
I: taking into account temperature variat- ions (dotted arrows). Black points: 
ions up to 300 mb for the given station ; dorresponding diurnal variations after 
II: the same as I, using the average data temperature variations are excluded: 
over various stations for several years; I: variations of temperature up to 
III: ineluding upper levels according to 300 mb level are taken into account; 
a crude estimation. Arrows: measure- II: a crude estimate of upper strato- 
ments; large circles: probable error. sphere included. 


3) Take the long-term changes of diurnal variations, Fig. 3 [20]. Heavy 
arrows are vectors of observed variations: 1. Cheltenham, 1946; 2. Moscow, 
1951-1952; 3. Moscow, 1953-1954. One could suppose that his vector is ra- 
pidly and systematically displaced during the period from 1946 (almost 
the maximum of solar activity) to 1954 (a minimum). However, if we sub- 
tract meteorological variations (dotted arrows), then we receive quite another 


se ” i : A en, b pe” 
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picture: points 1,, 2,, 3, are received when we take into account variations 
of meteorological conditions in the atmosphere up to the level of 300 mb, 
points 1,,, 2,,, 3,, if we roughly include the upper stratosphere. The phases 
of maxima are now close to each other. 

This method of eliminating meteorology is now limited only by the accu- 
racy of temperature data. It is used sistematically at all Soviet stations for 
permanent recording of cosmic rays. Applied to underground measurements 
it enables, vice versa, to measure the temperature of the upper stratosphere. 
We give in the appendix the additional details of the method: formulas and 
graphs for meteorological correction in the cases of soft and neutron compo- 
nents. We would like to mention here merely that the results for the soft 
component explain quantitatively why its diurnal variations are so large and 
why the seasonal variations are so small, as well as why its barometric effect 
is so large. 


2. — When the meteorological influences are thus eliminated all the data 
may be used for the determination of primary energy spectra of variations, 
since the observed variation of the i-th component at the latitude / is [20, 4, 5]: 


SN si D(e) 7 
2 ua br AG Wi(e) de . 
(2) Ni Die) 2 (e) de 


Sia 


D(e) is primary spectrum, 3’D(e) its variation (j means «diurnal », « seaso- 
nal», ete.); Wi(e) is a « coupling coefficient », found from latitude effect. In 
some cases it was found when §’D(e) was known from other data (in appendix 
we give Wi(e) for soft 
u-mesons found from 
5’D(e) determined using 
neutron variations dur- 
ing the last solar flare). 
It is now tabulated for 
many cases (part of 
them was reported by us 
at the Guanajuato confe- 
rence[5]; for the neutron 
component at sea level 
and 10 km altitude, for 
large air showers and mere BBD 
large underground depth ee ee ee 
for u-mesons, and for pig. 4. — Temporal change of intensity factor a (see 
total ionization at 10 km eq. (3)) during the solar flare 23.11.1956. 


(2s Gee 6 17 O20) 
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altitude we are giving them here). It has been realized by ALFVEN, SIMPSON 
and others that neutron and u-meson variations determine 3/D(e) correspond- 
ingly for low and high e. We use equation (2) to determine 3’D(e), which fit 
all the data for variation 3° N. Even now, when the data are rather scarce, the 
results deserve quotation. 


1) For the solar flare 23 February 1956 we get for the period of isotropy: 


SD(e) spate 
(3) Dee a(t)e i 


The temporal change of a(t) is shown in Fig. 4. This spectrum agrees with 
that found by Simpson et al. [11] for American stations. Determination of 
spectra for various moments of time was made using differences in intensities 
registered by various pairs of stations situated on different latitudes and approx- 
imately the same longitude. These spectra are shown in Fig. 5. It shows 
that spectra remain unchanged during almost 6 hours. Difference between 
intensities in Europe and America is easily established. It agrees with the 
difference in normal intensities if we pay due attention to the difference in 
energy spectra of the normal cosmic ray stream, on the one hand, and the 
solar flare variation spectra, on the other [4]. Therefore, it agrees with the 
results by SImPSON et al. [11] and by WADDINGTON [12]. 


2) For previous large flares data are scarce. However, it seems likely 
that spectra for them were harder, possibly of the kind of SD/D ~ &2 +83 
(19 September 1949). 


3) For diurnal variations 3D(e) is found in the following way: 


We assume various (five) forms of 3D, calculate from (2) resulting SN/N 
and compare it with data of observations (see Table I). For the beginning we 
leave aside the data for 7= 80°; due to the geomagnetic field, particles come 
here from the directions which form with the geomagnetic equator very large 
angles y, p— x/2. Then all other data clearly favour the spectrum: 


felice 
( 


(4) 


SD(e) | 
D(e) | 


E> E, R 7 GeV. 


The spectrum thus found, we may approximately find a for large A, i.e. for 
large g (the intensity of the source depends on py). It turns out that the best 
fit is given by 


P 
ag = 26°) 0.14 (A= 50° for hard component) 
Sa 
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Now, with this }D(e), we reconstructed the trajectories of particles in the 
field of Earth’s magnetic dipole, using Brunberg’s calculations. We receive 
thus for every diurnal effect the direction to the source of variations, given 
by two angles: y formed by its projection on the ecliptics plane with the 
direction Earth-Sun, and g formed by it with the same plane. They are given 
in Table II for ten components (Instead of distribution, only some averages 
over E, — x. and ¢,,, are given). It follows from the table, that all components 
have the source of their variation to the left of the line Earth-Sun, y,, ~ 
ew 82° + 8°, although, due to the differences in energies of primaries, which 
are responsible for a given component, their observed times of maxima ¢ 


max, À 
are scattered within ~ 4 hours = 4°.15 = 60° (xj = yj + 15° (ta —12)). 
TABLE II. 
= > == — ——— >= === cen == —— eS SS 
7 : lOheeered time 7 
| ITS ca Va | Heft ‘of maximum Pett 
| | stag), RT METE Se 7 
! Hard, global, sea level 62° 78° + 8° 118} Ske (eS 0° 
A=0° | Ionizing h=700g/cm® | 69° | 84°+8° | 13% +0.5 0° 
| Neutrons h=700 g/em? 91° | 91° 4 15? | CI L1 0° 
| | | | 
Hard, global, sea level | 38° 84° + 8° | 15h + 0.5 26° 
| i 
Hard 32° to the south 23° 83° + 8° IS 21075 14° 
È — 50° | Hard 32° to the north 61° TO I 138 + 0.5 iy? 
Hard 48° to the east 52° 82° + .8° 145 + 0.5 =='9° 
| | 
Hard 48° to the west | g° g4° + 8° 175 + 0.5 39° 
I Neutrons h=700 g/em? | 45° TS 8° 40.5 == Ide 
NSO Hard, sea level 24° 84° + 15° 16> + 1 TS 
pra | Li 
Average: | 82° 
| 


l'o "Sd 
x 
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This was found for the 1937-1946 observations. If, by a similar method, we 
look for y,,,in other years, we find that it is displaced. Its variation during the 
last 24 years was earlier 
obtained by a number of 


oT ry OREAR ee 
ALIDA Esa investigators, who simply 
5 used the observed time of 
60° | 

50° maximum t,,, and sup- 
ae posed that all primaries 
3:00 3 

20° have some effective ener- 
10° 


ZY; &.9= 21 GeV.» Then 
the reconstruction gives 
Xx in Fig. 6. Ifin a si- 
milar manner we add 
points for 1953-1955 then 
this y., varies drastically, 
Fig. 6. — Effective angle y showing the direction to the from +100° to — 60°. 


source of diurnal variations for the years 1930-1955. However, here neither 
Curve: solar activity, measured by the Wolff number R. 
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the meteorological variat- 
ions were eliminated, nor 
was the whole spectrum of variations 6’D(e) known. Taking both of these 
facts into account we recalculate all the data and receive instead Fig. 7. It 
clearly shows that no such drastic change of y,,, occurs. It changes only from 
+90° to +20°, the source of extra cosmic rays flow remaining always to the 
left of the line Earth-Sun. The amplitude is almost constant and diminishes 
considerably exactly when y is small. This long term displacement of the 
effective source is very important for 


the theory of origin of cosmic rays , 
a gis e £ Manchester Hafel 
variations. It may be clarified by 9 Scanu eo 
x è of oCheltenham © Hi 
the fact discovered by SARABHAI et 59 sBerlin A Masci 


al. [13] who have recently shown 
that the diurnal variations split up 
into two waves, the location of their 
maxima differing by approximately 
6 hours ~ 90° and their relative 4, 


Fig. 7. The same as Fig. 6, meteorolo- 
gical variations consistently eliminated, 
the energy spectrum of variations 
used for reconstruction of trajectories. 
a: amplitude of variation in energy ‘0 
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intensities varying with a 22-years periodicity. This circumstance must 
play and outstanding ròle in the problem of the origin of cosmic rays 
variations. 


APPENDIX 


1. — Meteorological effects of the soft and general components |14]. 


The soft component consists of equilibrium and non-equilibrium parts. 
The former, in turn, is composed of decay electrons from pu-mesons and of 
S-electrons as well as of the products of their cascade multiplication in the 
atmosphere. If the soft component is separated with the aid of an absorber, 
then also soft u-mesons and nucleons will incorporate therein. 


1:1. Variations of decay electrons. — Let E° be the average energy trans- 
ferred from u-meson to decay electrons over one t unit, e, the energy lost by 
the electrons on the same path. Then the total number ni of decay electrons 
together with the multiplication products may be found from the condition 
nee, = E*. Taking into account that the probability of p-mesons disinteg- 
ration per 1 cm is my/t,P,; we shall find the total number of decay electrons 


(1 1) Noe = ‘tm yeyD(eu) den 
: i 3etuPu 


Mica 


L 


where m, and 7, are the mass and life time of u-meson at rest, e, and p, the 
full energy and the momentum of p-mesons, and D(e,) is the spectrum of 
u-mesons at the observation level. 

Varying (1.1) over t and D(e,), we shall obtain 


Soe _ DE rue 
Ne ¢ 


For the major part of p-mesons (about 97 %), eulPu® const = C. 
Taking into account that 


ik T (ho) dt Sho , ST(ho) 
LO) and = — is 
0(ho) ho t hy T (ho) : 


i~ 
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we shall obtain 
oe Sho , ST (hy) ON 


Nesta ge i |) eis 


I 
b, 


where SN,/N, is the variation of p-meson intensity at the observation level. 


1°2. Variations of 3-electrons. — The intensity of d-electrons N? is appro- 


ae 


ximately equal to fAD(e,) de,, where A is a coefficient but slightly depend- 


m,,c® 


u 
ent on the energy of u-mesons and independent of the asmor phere conditions. 


Hence we obtain 


(1.4) 


13. Variations of the non-equilibrium part. — Since NY” ~ exp [— h,/L], we 
have: 


SNNE Shy 
(1.5) te PAR a 


NOS 
e 
where L & 120 g/cm?. 


1°4. Net variations. — If N. is the total number of soft component electrons 
at a given level h, and 


NOSoN. Na NN RE 


then 


ON, MEL a swe ona 
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Hence on the basis of (1.3), (1.4), (1.5) vu (1.6) we shall obtain for sea 
level (ho = 1030 g/cm?; Th) = 280°K; «v0.5; BR 0.4; yx 0.1) 


ONG! oN, 
1.7 Peak % VOM ON 
(1.7) va = O13 —— ee We 10 Sy) Ue n 


for mountain level (hy = 650 g/em?; Th) © 250 °K; «0,29 Ba 0.14; 


SN, is o SN, 
1.8 È 5 = — { Ù /0 
(1.8) N. 0.53 “Oho + 0.12 To ST (ho) + 0.43 ni 


and finally for the 10 km level (hy 300 g/em?; T(h)) & 225 °K; « & 0.18: 
pa 0.04; y x 0.78) ; 


SN, be) % SN, 
(1.9) N 7 0.72 mb dro L 0.08 a ST ig lates 02 ae i 
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Adding the variation of the u-meson component, we shall obtain for the total 
component :—for sea level 


~ a , 
oN, A (0) (O) SN 


(1.10) "  — — 0.04 map dot 0.05 reg be (ho) + 0.97 0; 


(©) 
LV in 


for mountain level 


Ò N ot 20 SÒ ~ A — 3 Dr 7 SN 
= — 0.38 T-Sh + 0.06 Fog" SL (he) + 0-70 a ; 


(1.11 
190 


AT 


+" tot 


and for the 10 km level 


0/ 


SN AT 
Not 7 


/, oN 
© psy 2h, 0.06 say 
mb 


(1.12) 
NG 

SN ,/N, in turn consists of barometric and temperature effects, the latter being 
determined by the change in distribution of the temperature over the whole 
atmosphere. Therefore variations for the general and soft components consist, 
of three effects: 

a) The barometric one caused by decay electrons, by the electrons of 
the non-equilibrium part of the soft component and by p-mesons. 

b) The local temperature effect at observation level connected with 
decay electrons. 

c) The temperature effect distributed over the atmosphere which is 
connected with u-mesons. 

In [15] where the soft component was investigated, it was found that it 
is closely connected with barometric pressure, the correlation coefficient 
reaching — 0.97. The barometric coefficient was found to be equal to 
(— 0.34 + 0.02) %/mb, while for the general component it proved to be only 
(— 0.18 + 0.01)%/mb and for the hard one (— 0.12 + 0.01)%/mb. 

According to (1.7), the expected barometric coefficient (taking into account 
that w-mesons generating the equilibrium part of the soft component are softer 
than those of the hard component) is equal to 


0.13% mb ++ 0.9(1 + 0.14) (— 0.12 + 0.01) %o/mb = (— 0.25 £ 0.01) %/mb . 


In [15] the soft component contains soft u-mesons which can be absorbed 
by Pb 10 cm thick. Since their barometric coefficient is about 1% (see [4], 
p. 126) and their share is about 10%, the expected barometric coefficient will 
be about — 0.25-0.9 —1.0-1 a — 0.33 %/mb in good agreement with observa- 
tions [15] ((— 0.34 +-0.02) o/ Jmb) and observations [16] ((— 0.343 +-0.048) %/mb). 

Somewhat peculiar should be the temperature effect of the soft component. 
The temperature effect distributed over the whole atmosphere and incorpo- 
rated in SN,/Nu is negative. Bearing in mind the correlation between tem- 
perature distribution in the atmosphere and sea level temperature one should 
expect a certain correlation between 3N,/N, and the sea level temperature. 
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The method of unified temperature coefficient is based essentially on this 
circumstance. Its experimental values proved to be negative and equal to 
— (0.10.2) %/°C. In the case of temperature variation of the soft com- 
ponent this effect will be, to some extent, compensated by the local positive 
temperature effect with coefficient + 0.18%/°C; therefore the total tempe- 
rature effect should be small and a certain effective net temperature coefficient 
should be close to zero. This is confirmed by the experimental data [15]. 
Since seasonal variations are mainly caused by the temperature effect which is 
small for the soft component, only correspondingly small seasonal variations 
of the soft component should be expected. This really takes place [15]. 

As was already mentioned previously, introduction of temperature correct- 
ions increases the amplitude of the 24 hours variation of the u-meson component 
almost twice, up to the value of (0.3--0.4)%. Since the influence of tempe- 
rature variation on the intensity of the soft component is small, the observed 
24 hours variations of this component should be close to the true 24 hours 
variations of u-mesons with the amplitude (0.3--0.4)%. This really takes 


place [15]. 


2. Temperature effect of the neutron component [14]. 


One of the advantages of measuring the intensity of neutrons by the 
method of their local generation in lead by fast neutrons coming from 
the air is that practically no effect due to the air density changes takes place 
and that only the barometric effect which can be easily taken into account 
is observed. This advantage, in turn, is due to the fact that chiefly stable 
particles, nucleons, participate in the process of neutron formation. However, 
a certain, though comparatively small, part of neutrons is generated by unstable 
particles. The maximum possible density effect which is connected with that part 
of neutrons was evaluated by SIimPson et al. [9]. This evaluation was based 
on the method of considering the intensity of meteorological effects of u- 
mesons [17] which as was shown in [2], proved to be erroneous. Taking into 
consideration the importance of considering even a small temperature effect 
when investigating certain variations in intensity of the neutron component 
of cosmic rays (especially annual and other variations) (*) we shall perform 
these evaluations more thoroughly. 

The temperature effect of the intensity of the neutron component is caused 
by the participation of z- and u-mesons in creation of nucleons. Now we 
consider each stage separately. 


21. The formation of neutrons by u-mesons inside the monitor. — We have 
to bear in mind two possibilities: the formation of neutrons by fast and slow 
u-mesons. The fast u-mesons, though with a very small probability, lead to 
nuclear transmutations with formation of neutrons. Since the intensity of 
u-mesons is influenced by the temperature of the atmosphere to the extent 


(*) Indeed, since seasonal temperature variations can attain 50 to 80°C (for example, 
in Yakutsk) and since the value of the amplitude of expected annual variations of 
the extra atmospheric origin is of the order of one percent, effects of the order of 
0.01% of 1°C are essential. 
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determined by the density of the temperature coefficient W5(4), the neutron 
component should also be influenced by the temperature of,jthe atmosphere, 
this influence will be determined by the coefficient 0.02 W%(/), since the neutrons 
generated by u-mesons constitute about 
0.02 of the whole number of neutrons re- 
corded by the counter [9] (for sea level 
see curve 1 in Fig. 8, for mountain level 
the values quoted should be decreased 
approximatly 5 times). 

When slowing down in the substance 
surrounding the counters the slow nega- 
tive u-mesons produce mesoatoms. The 
mesons in them are captured by the 
nuclei thus forming neutrons (in the ave- 
rage two neutrons per each captured 
u-meson). The creation of about 3% of 
all recorded neutrons [9] is due to this 
process. 

The slow u-mesons are distinguished by 
a comparatively large temperature effect density for intensity of neutrons. 
determined by the coefficient W(h)iow « 1 and 2: the contribution of fast and 
Therefore for the intensity of neutrons it of glow u-mesons for sea level, A=50°; 
is necessary to take into account the 3. the contribution of m-mesons; 4 
coefficient 0.03 W7(h)sow. | and 5: the net coefficients for sea level, 

W(h)siov were calculated in [4] (see 7_-50° and 0° respectively; 6 and 7: 
Fig. 11) for the y-mesons absorbed by 
the lead screen with energy between 
1.108 eV (u-mesons at rest) and 4-10° eV 
(u-mesons still remaining in the monitor). 
The curve 2 of Fig. 9 represents the temperature coefficient of neutrons at 
sea level connected with the effect under consideration (for mountain level 
the values given above should be decreased about 5 times). 


Fig. 8. — The temperature coefficient 


the net coefficients for mountain level, 
A=50° and 0° respectively. 


22. The effect of production of neutrons by m-mesons inside the monitor. — 
Near the monitor x-mesons of low energy can be generated by the nucleon 
component. Some part of these 7-mesons disintegrate while the rest cause 
nuclear disintegrations with generation of neutrons. The measurements by 
the method of photoemulsion show that -mesons cause about 5% of all 
desintegrations [9]. l 

The share of x-mesons captured by the nuclei is equal to 


' Lac PIO 
(2.1) Pas = es + IR PT0 a. Im. ’ 


where 7. and m, are the life time and the mass of a r-meson at rest, 1 the 
average path of z-mesons until the nuclear absorbtion, p the momentum of 
x-mesons and 0 the density of the air. A respective change of this share in- 
duced by the change in density of the air at observation level hy is 


SPans ST (ho) È Ma 
Pas Th) piro + lm, 


(2.2) 
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Now we determine the local temperature coefficient of the intensity of 
neutrons representing the effect we consider; taking into account that about 
5% of the registered neutrons are formed in this way and assuming in (2.2) 
0 =10* gem 3, T(h,) = 270 °K, we see that, for p = 10°eV/c, the temperature 
coefficient of local origin Gen, = —0.016%/°C and, with p = 10! eV/e, 
Stem. == — 0.008 %/ °C. 


2°3. The effect of m-meson participation in the nucleon cascade. — At present 
the process of formation of the nucleon component and the role of unstable 
particles in this process are not clear enough. We shall try to take approxi- 
“mately into account this role, using the results of ref. [18] and the coupling 
coefficients for the neutron component (Fig. 9) 

According to ref. [18], primary protons with the energy < 7-10° eV (aver- 
age energy > 3-10° eV) transfer about 60% of their energy to nucleons and only 
25% to charged z-mesons; at the same time protons with the energy =F ada 
(average energy about 20-10°eV) transfer considerably larger part of their 
energy, about 50%, to charged x-mesons. It follows from the coupling coef- 
ficient for the neutron component that at sea level at the latitude of 50° about 
one third of the neutrons are produced by the primary particles with 
energy <7:10°eV and two thirds by the particles with energy exceed- 
ing 7-10° eV. Taking into account that part of the captured x-mesons is 
determined by expression (2.1) and the temperature effect by expression (2.2) 


we shall obtain i 


(2.3) wr (h) [EE (lm /T(h)) 0.25 PxT-0 2 (Im,/T(h)) -0.5 Pst x0| 
= 7, neutr. \!4) = Eis — 2 : 


(3. (Girne +im,)? ‘3° (pro +m, f’ 


where p is the average momentum of z-mesons, p,~ 10° eV/e, pow 5-109 eV/c. 
With these values the expression (2.3) may be approximately represented in 
the following form 


(2.4) Wer, nevir.(h) & — 0.05% %/grad atm , 


where A is measured in atm. 

Expressions (2.3) and (2.4) are true only for small h, i.e. for the upper 
layers of the atmosphere, where the energy distribution of nucleons is close 
to the initial one. As the nucleons propagate deeper into the atmosphere, their 
average energy becomes lower and here it would be more correct to consider 
that they transfer about + of their energy to x-mesons, similarly to nucleons 
with the energy < 7-10° eV. Therefore for such h (probably larger than 
several free paths of nucleons, i.e., larger than a certain h, of the order of 
0.5 atm) we shall obtain i 


(2.5) W Faerie (2) R 


and approximately 


(lm,| T(h)) 0.25 pyr. 
(pitz0 + lm,.)2 


(2.6) Wie (hie =O tae tor >hw 0.5 atm. 


For h = 0.5 atm, expression (2.4) gives — 0.025 % While expression (2.6) 
gives 0.005%. Drawing a curve passing at h = 0.5 between these values 
and at h=0 using (2.4), at h=1 using eq. (2.6), we shall obtain curve 3, 
Fig. 8, which, although very roughly, represents the dependence of W% jon. ON h. 

Since the life time of heavier mesons is smaller than that of x-megons, their 
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contribution to the temperature effect may be neglected. Due to the very short 
life time of x°-mesons it is also possible to neglect the formation of neutrons 
by y-rays. Although the frequency of showers seems to involve a certain 
temperature effect, we shall neglect their influence because the contribution 
of neutrons generated in the showers is very small. 

Since the contributions of slow and fast u-mesons and of 7-mesons have 
the same negative sign, no mutual cancellation can take place. We have 


hy 


Na a he n N 
(2.7) Pn = cen." ST (ho) +] We (h)-dT(M) ah , 


neutr. a 
0 


where enp. = — (0.01--0.02)%/°C, while the total density of the temperature 
coefficient W®""(%) for sea and mountain levels at the geomagnetic latitudes 
of 0° and 50° are given by curves 4-7 of Fig. 8. 

Experimentally the temperature coefficient was determined in ref. [9] from 
the data of only two months recording. The values of the temperature coef- 


ficient found from the cor- 


relation between the in- “% ni cen Le 

tensity of neutrons and 10 10 TERA 

the air temperature are A 2 WERE 
given with large errors: 3 4 

(£0.10 + 0.12)9 ] °C and 2 2 
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ionizing component at the Gn 102050, 100GeV201 2 345 10 20 50 100 200GeV 
boundary of the atmosphere 
and at the altitude 4300 m; 3, 4 and 5: for the neutron component at sea level, at 


mountain level (hy ~ 700 mb) and at the altitude of 10 km (hy » 300 mb); 6 and 7: for 

the hard component at sea level according to the data corrected and not corrected for 

the influence of meteorological factors; 8: for the general ionizing component at the 
altitude of 10 km. 
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as well as for the general ionizing component 
at the altitude of 10 km the coupling coef- 
ficients were calculated from geomagnetic 
effects [4] and are shown in Fig. 9. The 
coupling coefficients in the region of low 
energies for ionizing chambers and counter 
telescopes were evaluated on the basis of the 
data concerning the outburst that took place 
on February 23, 1956 (see Fig. 10) [21]. 

In order to determine coupling coeffi- 
cients for the underground observations we 
shall use the results for the u-meson com- 
ponent at sea level and take into considerat- 
ion that a given underground depth is rea- 
ched only by u-mesons with the energy ex- 
ceeding certain Ae. They are generated by 
the primary particles with energy exceed- 
ing «Ae, where according to [19], x ~ 10. 
Coupling coefficients for the measurements 
underground at different depths (30, 60, 100 
and 1000 m w.e.) are shown in Fig. 11. 

Now we shall find coupling coefficients 
for extensive atmospheric showers. 

In this case the method considered above 
does not fit, because the extensive atmosphe- 
ric Showers are caused by the primary par- 
ticles of so high energies that they are not 
essentially influenced by the Earth’s mag- 
2 34 62810 20 netic field. In this case a different way 
should be used. 

In the essence we should find the probabi- 
lity of recording by a given counter of the 
showers formed by the primary particles 
with the energy e. Normalization of this 
probability will give us the unknown coupling 
coefficient. 

Two cases should be distinguished here: 
counter groups either not far (at a distance 
d =~ 10m) or far from each other (several 
tens or hundreds meters). In the first case 
the dependence of the probability of shower 


Fig. 10. — Coupling coefficients 

for an ion chamber (continuous 

curve) and for counter telescopes 

(dashed line) for the general ioniz- 
ing component. 
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registration on d may be neglected, while in the second case the dependence 
on the distance between the counter groups will be essential. 


Counters close to each other (x = 10m). — If the spatial divergence of the 
electrons of the same pair in the electron-nuclear showers is much larger than 
the average distance between particles in the shower (which always takes 
place, except for very rare showers), it is possible to consider that particles 
trajectories are distributed at random. In this case, when a shower with den- 
sity o (average number of particles per 1 m?) passes, the probability that at 
least one particle will pass through a group of counters (connected to each 
other in parallel) with a total effective area o (in m?) is @ = 1 — exp[— go]. 
Let us consider a local installation consisting, say, of three groups of counters 
with the area o. Let the shower axis pass through the point P remoted from 
the counter groups at a distance r, = PA; 7, = PBand rs = PC. The den- 
sity at these points will be o(7,), 0(7») and e(7s) respectively. According to 
measurements, o may be represented in the form of a function 


where N is the total number of particles in the shower at a given level, while 
the function u(r) satisfying the normalization conditions 


Loe) 


| w(r)- 200 ar == by 
has approximately the form 
{ ar * exp [— r/R]/2 for r=R, 
"fol = 


U 
") | Bir? TOLMERCERA 


Here R is the effective radius of the shower whose value depends on the pres- 

sure at the observation level. At mountain level (h, = 700 mb), & = 80m, while 

at sea level R = 55 m. Coefficients a and b are found from the condition 

of normalization and from the continuity of the function w(r) at the point r = R. 
For mountain level (R = 80 m) 


a=2.37-10-3; b=0.536. 


The probability that all three counter groups will be triggered by such 


a shower is 
3 


O00; =] (1 —exp[— u(r,)x]) , 


@=1 


where «= No. The probability that the counter will record a shower with 
a number of particles N whose axis may pass through any point is found by 
integrating over the whole plane: 


(3.1) mi (N) -[tl (1— exp [— u(r.;)e]) ds. 
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sh 


The dependence of mîì on N can be easily converted to the dependence on e, 
if we take into account that 


(3.2) Na Ae’, 


where s is a slowly varying parameter which characterizes the age of the shower 
(before the shower maximum s < 1, at the maximum s= 1 and after the 
maximum s > 1; at sea level s & LA 2), while A ~ 0.3 (if e is mesured in GeV) 
is the constant coefficient. 

The number of particles spectrum of showers can be represented in the form 


(3.3) D(N)~ N-@+» , 


where x is a constant very slowly varying with e (when e changes from 10“ eV 
to 10! eV, x changes only from 1.4 to 2.1). Taking into account (3.1) and 
(3.3) we shall obtain according to the definition of coupling coefficient 


(3.4) Ele) = coi LI ( (1 — exp [— w(r,)x) do ; x= No, 
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Fig. 13. — Coupling coefficients for a shower 


Fig. 12. — The function e'*Wîî (e ) installation with counter groups at a di- 
for sea level, x=1.4, for o=1 m? stance D from each other. Effective area 
and o = 0.01 m?. The values of o=1m? and o=0.01m?. The value of ¢ 


e should be multiplied by 0.3. should be multiplied by 0.3. 
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where B is a certain coefficient found from the normalization condition 


Wise) de = 100 %. 


0 


Wî(r) can be easily converted to the dependence of e. 

Fig. 12 shows the values e**Wî (e) for o =1m*. For any other value 
of o the coupling coefficient may be found by displacing the scale along the 
abscissa. For example, the curve shown in Fig. 12 is also referred to the 
value o = 0.01 m?, if the lower scale is used on the abscissa axis. 

Counter groups far from each other. — By an analogous way it is possible 
to find coupling coefficients for any geometry of the installation. In parti- 
cular, for the installation, selecting two-fold coincidences between two local 
installations described above and at a distance from each other of D meters, 


(3.5) We) =] Ba {tI (1 — exp [— w(r;)x])*ds ; v= No. 
: i=1 


where for D>>d the distance between the shower axis and separate counter 
groups of each local installation are taken to be equal to the distance 7; 
(i=1,2) between point P and the centres of corresponding local installation. 
The coupling coefficients for o = 1 m? and o = 0.01 m? are given in Fig. 13. 
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Solar Corpuscular Streams and Cosmic Ray Variations. 
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1. — The idea that corpuscular streams of higly ionized neutral matter, 
ejected by the Sun, may lead to variations of cosmic rays of extrasolar origin is 
due to ALFVÉN [2]. Further developed by BRUNBERG [3], who encountered 
considerable difficulties, and by Trumpy [4], and applied successfully to a 
particular case of crossed telescope observations by ELLior and DOLBRAR [5], 
this idea in its original form seems to lose considerably in its popularity. We 
reported in Guanajuata some encouraging results of investigation of this 
idea [6] (*). Further development of the idea and new experimental facts 
convinced us of the necessity of reporting the situation to this conference (*). 


2. — Let us consider what, in fact, do we know about corpuscular streams: 


a) We know that they exist, since thus we may reasonably explain geo- 
magnetic disturbances. 


b) We know their velocity, wu ~ 10% cm/s from retardation of the geo- 
magnetic disturbance as compared to solar events. 


c) We know their widths at the terrestrial orbit from the duration of mag- 


(*) Later we received the paper by NAGASHIMA [7]. In many points he expressed 
similar views and performed some calculations, similar to those performed by one of 
us (L. I. D. [8]). However his quantitative results disagree with experiment, since he 
used « effective energies » for primaries, while the complete true energy spectrum 
wos, 10] must be used. 

(+) More detailed account see tou PAL 
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netic storms (one or few days), 1~ dks, Hs being the Sun-Earth distance, 
6 the vertex angle of the conic stream in the plane of the ecliptic, d ~ 10° =30°. 


(e) 


d) We know that they originate mainly within the solar latitudes 10°--30°, 
where the Sun spots are concentrated, and from their solar cycle variations 
we may estimate their vertical vertex angle—approximately 6,.,, <= 20°. 


vert 


e) We may try to estimate the density of particles in them N—basing on 
the shortest distance from the Earth, which is permissible for charged particles 
in geomagnetic field, and on the amount of geomagnetic perturbation ob- 
served [9]. And here the important specialization begins. It turns out that in 
the vicinity of the Earth N= N, thus found is essentially different for small 
storms (which are usually smoother) and for large ones (usually more sudden). 
In one case N: ~ 2 cm, in another Vs ~ 2-10? cm™. The intensity of mag- 
netic perturbations is determined by N (and by wu, which is almost always 
the same). 


f) It seems that larger storms better correlate with the sunspot cycle and 
strongly depend upon it, their rate varying up to ~ 20 times within a cycle. 
On the contrary, smooth, moderate and weak storms depend upon it much 
less, their rate of variation being represented by a factor ~ 2. In this respect 
they are similar to such solar events, which (as, for example, protuberances) 
are not limited to the sun’s equatorial region, and represent high latitude 
formations. We do not know the magnetic field within them, but it must exist, 
since both the general magnetic field of the sun and of local spots and other 
fields should be frozen up in such highly conducting matter. The field strength 
H will diminish while the stream is Spreading. The component directed from 
the sun will probably diminish as £-?, the perpendicular ones—presumably 
as BR. 


At this point we pass from the region of facts to that of speculation. It is 
quite possible that turbulence within the stream will destroy the general system- 
atical field. This fact can, in principle, be establised by using a moving 
probe charge, i.e., the cosmic rays. We shall attempt to show that cosmic rays 
serve to this purpose. 

The above-listed information gives a hint that there exist two kinds of 
streams: 1) more rarified streams, connected with high latitudes formations, 
and 2) more dense ones, originating within the Sun’s equatorial region and 
intimately connected with spots. We believe this idea may be supported by 
cosmic ray variations data. 


2. — The passage of cosmic ray particles, having the spectrum D(e) — e ”*”, 
through the stream with magnetic field H has been studied by ALFVEN [2] 
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and, more specifically, by NAGASHIMA [7] and by one of the present authors 
(L.D. [8]). Let the stream be conical (vertex angle 6, Fig. 1), its axis forming 
an angle «, with the line Earth-Sun. H within 
it we suppose to be uniform. This field scatters 
low energy cosmic ray particles, but if «> 6/2 
(and if the stream does not sweep the Earth) due 
to isotropy of the initial cosmic rays this does not 
affect the intensity on the Earth. If, however, 
the particle energy e exceeds some é,,,,, then it is 
accelerated or decelerated by the component 
H* of H normal to both the stream velocity % 
and to the particle’s velocity. This ¢,,, we assume 
to be averaged over all possible passages through 
the given stream, 


85 = 300 Hal 


min 


Or 


hire We 


(if H+ varies as R-; if it varies as R-*, R being 
the distance from the sun, then enters a factor 
of the order of unity, but less than 1). If we average over all « and assu- 
me a pair of equal streams to the right and to the left of the Earth then 
the variation SD per one stream is 


hes è D(e) n Hi 
); if e 2.08$.,; nota if e < ce 


È 
Ole eS 
min 


sD(e) , da y)Acx 0 | di: 
(1) De) = x "a : 1 In 5 


H!(R)~R-*. If k=1 (most probable), then o=1, if K=2,021. A 
pair of streams leads to an effective source to the left (if H is directed parallel 
to the geomagnetic dipole and we are in the northern hemisphere), situated under 
an angle y= 2/2 with respect to the effectiveness of the line Earth-Sun. More- 
over, various portions of a given stream may be expressed by introducing into (1) 
some factor f, (x), Which is shown in Fig. 2, assuming various lengths L =bR« 
of streams (b= 1, 2, 3, co). It reflects the dependence upon solar time of this 
variation, when observed on the Earth (the geomagnetic field here is neglected). 

Thus a passage of cosmic rays through an average stream actually gives 
variations on the Earth and, what is essential, exactly of the kind of spectrum 
necessary to explain quiet diurnal variations [6, 8]: 


Here Aes = (u/e)eS,, is the energy gain, o is a factor depending on the law 


6 26, > GeV 


on 


Li 
(2) ee | E Ening 24> a(~), a(0)= 0.17. 


0 
a 
È 
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Equation (1) was obtained from the known fact of the existence of solar streams 
with definite 6 and «. The only assumption made was that they really pos- 
sess H normal to the ecliptic plane. It 
is but natural to believe that it actually 
is so. From an experimental figure 
[6; 8°10] ey = ean ed GeV we 
determine H+ 


80 


Ch AA Ig 

A = VELA 107: gauss . 

300-2-1012 

This is the primary determination of 
the quantity, it cannot be compared 
with any other geophysical or astro- 
physical results. If H~ R™ (most 
probable), it gives for the region on 
the sun where the field was frozen 
up H ~ 2-10-*, —a not unreasonable 


20 60 100 
7 2 

= O = R 
Ke 2; Hehy( oe) 


140 180° 


Fig. 2. — Intensity of a source of variations 


resulting from the existence of a pair of 
streams, versus an angle between the 
projection of direction to the source and 


value for the supposition that this is 
the general solar field in the outer 
solar layers. The experimental value 


the line Earth-Sun, for two possible cases 
of dependence of H upon the distance 
from the Sun, R. 


of a is to be compared with (1+ y) Aes: 
-6/m2(1-+Inz/6), multiplied by the 
average number » of simultaneously 
existing streams. For az 0.15 (for the 
period 1937 + 1946 and w~ 10% cm/s we get n~10 = 20 for various reasonable è. 

Further let us consider the dependence of a upon g which, as may be 
shown (see ref. [1]), practically reflects the dependence of a number of streams 
on solar latitude A. It turns out that it decreases with 9 and, therefore, 
with A too slowly for the supposition that they originate in the solar equatorial 
region to hold. Moreover, the calculation seems to show that these streams 
should be presumably high latitude formations. Thus they may not be directly 
associated with sunspots. In any case, future investigations may be very 
useful in this respect. 


4, — Now we turn particularly to streams sweeping the Earth. The acce- 
lerating action of their vertical component has been already included in the 
previous calculation. But they should also scatter low energy particles and thus 
lead to decreases of intensities simultaneously with magnetic storms, namely, 
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they should cut-off all particles with energy e<, where e, ¥ €,,,/3 © 
2 2-3 GeV. This would not affect the sea level hard component and thus 
the whole conception might seem wrong. 

In fact, we may in our usual manner determine the spectrum of variations 
during magnetic storms, although experimental data are scarce. Table I shows 
for very strong storms that the most suitable spectrum (assuming $D/D iden- 
tical for all latitudes from 2 = 0° up to A = 50°; this is here not very safe, 


i 


TapLe I. — Determination of the spectrum of variations during large magnetic storms. 


€1 (ON ,/N )sea level, A=50°| (ON/N')stratosph, A = 50° (ON ,/N yu) unarrer., A=50°| 
Tested spectrum | (GeV) | (5N,,/N,,)eca ver, 10° |(ON pW ,eca ever, 159° (AN u/N u)een ver, 2= 50° 
15 = 24.5 0 
25 2.04 Ver 0 
(a | 63 1.39 192 0 
3D ——,é>&| 63 1.39 | 10.1 0 
ra | ; 100 | 1.33 9.3 0.01 
Ofte="e |a 168 | 1.32 8.9 0.73 
250 1.30 8.8 0.94 
400 1.28 8.7 1.05 
630 1.28 Ck] Hug 
15 = 11.5 0 
25 1.43 5.1 0 
40 1.12 2.75 0 
63 1.04 1.83 0 
SD f—a e<e.| 100 1.01 1.46 0 
ato a 158 1.00 1.27 0.05 
250 0.97 1:18 0.38 
400 0.97 bi 0.58 
630 9.09 1.06 0.70 
15 — 5,75 0 
25 ies 2.00 0 
40 0.97 0.87 0 
63 0.96 0.47 0 
SD fade e<€1| 100 0.92 0.32 0 
Perl i» C153 0.90 0.25 0 
250 1.04 0.17 0.96 
400 0.90 0.17 0.67 
630 0.93 0.15 2.07 
Experiment 1.12 + 0.06 2.8 + 0.3 < 0.05 
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and this point is a weak one) is: 


D — for < 40 GeV 
(4) & ee _ fea OL 2s eV, 


D | 0 for e > 40 GeV. 


For large decreases, (6/Z) sara comp. 2-500 © 10% we have a= 0.3. 

This is similar to what we shou expect due to screening by a stream, 
but the above theory [1, 8] gives, when the Earth is in the middle of an 
equatorial stream, if H is normal to the ecliptics, 


e< «60, /4 


min 


4 2 


ZE 


a: 
SD = — 2 aresin muli = i) if “mn eg Phin 
=|] Il q 
| 
| 


and if H is parallel to w (stream velocity): 


(6) = 300 Hal. . 


£9. 


If we introduce a factor f <1 in order to apply this to all particles (not 
only to those moving in the ecliptic plane), we find from (4) and (5) that 
f~a anl 


(7) 85, = 800 Hala = (3 +4)-40 GeV n 120 +160 GeV . 


Therefore, fields of the order of 2-10-*Oe are necessary. The same value 
of e, may be deduced from other important facts. For instance, diurnal 
Seniors during storms are 1.5 --2 times larger for particles coming from 
the south than for those coming from the north (A~ 50°). Therefore directions 
to the source given by the angles y, g must correspond to considerably dif- 
ferent gp. Calculations using BRUNBERG and DATTNER’S results show that this 
is possible only if e > 40 GeV (when g will be respectively 16° and 38°; 
for «= 100 GeV, p= 18° and 67°, etc.). If 6 is smaller than, say, 30°, this 
would secure considerable differences for southward and northward directions 
of the telescope (*). In view of this situation we turn to the hint from astro- 
physical researches of streams that there may be two different kinds of streams; 


(*) However, the situation here is not so simple as in the case of streams not sweeping 
the Earth. In particular, the meaning and the numerical value of f is not very clear, 
since it is strongly connected with the degree of turbulence of the stream. More 
theoretical and experimental investigations are desirable. 


SOLAR CORPUSCULAR STREAMS AND COSMIC RAY VARIATIONS 385 


those leading to large magnetic storms may correspond to larger H,, since 
they originate presumably in the equatorial region. Here, instead of the weak 


general solar field, the sunspot fields 


will be frozen up. We call them 


Suns pots 


«streams of the second kind» in Magnetic Ù 
distinction from the above «streams of ee 
the firts kind» with weaker fields, ag 
giving quiet diurnal variations. Let (a — 
us follow the consequences of this 
ae 5 
supposition. 
PP ; 1973 - 1923 1901 - 1913 | 
It is known, that sunspots occur 1933 - 1944 1923 - 1933 
1954 1944-1954 


in pairs, situated almost along solar 
parallels (Fig. 3) and move toward 
the equator during the cycle. There- 


Fig. 3. — Sun spots and their magnetic 
fields for different 11-years semicycles 
of solar activity. 


fore in «streams of the second kind » 
Hs may be almost parallel to the 
ecliptic plane. Its vertical component is much smaller than H, determined 
from cosmic ray magnetic disturbances, thus being of the order of 
(1/10)H ~10-* Ce. If such a stream does not sweep the Earth [10], there 
are two cases. 


1) If it passes to the left or to the right of the Earth, then only a small 
vertical component of H acts, and it gives exactly the same effect (with posi- 
tive or negative sign for different 11-year periods), as the streams of the first 
kind, and we do not need to separate them. From the constancy of the sign 
of y.; (*) we conclude, that it is considerably smaller than H+ in the streams 
of the first kind. 


2) If it passes above or under the Earth, its main, « horizontal », com- 
ponent acts. It must influence the quiet diurnal variations, but we know too 
little of streams to define this influence safely. However, we may hope 
that here we may find a solution of a very puzzling problem of diurnal varia- 
tions—that of the 22-year cycle of displacement of y,;; from ~ 90° to~20 +30° 
(see, for instance, [1, 10]). This displacement may be understood to be a re- 
sult of the splitting up of variations into two waves with changing relative 
intensities, as was discovered by SARABHAI [1, 11]. The period of change is 
22 years. An example of a possible explanation (in no way a theory, but rather 
a possible working hypothesis) is as follows toward the Earth. 

When we have a pair of streams, one above, another under the Earth, 


(*) y is an angie formed by the projection on the ecliptics of the direction to the 
source of diurnal variations and by the line Earth-Sun. It is positive when we look 
from the northern hemisphere to the Sun and the source is to the left of us. 
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coming from different hemispheres of the sun, both of them act in the same 
sense: either they both accelerate (in one 11-year period), or both decelerate 
(in another one) the particles, passing through them. 

Consider first the fast particles 
which are not deflected by the magnet- 
ic field. Variations of energy of those 
particles which come from the half 
space where the sun is situated will 
Sun be equivalent to the appearance of 
a source on the Sun. Those which 
come from the other half space give 
an «anti-source». The net result 
is determined by a ratio of solid 
angles under which the correspond- 
ing parts of the stream, (0, and 
Q,) are seen from the Earth. It is 
easy to show, that 


(a) 


1901-1913 
1923-1933 
1944-1954 


1913-1923 
1933-1944 
1954 


Therefore, in «b» periods (1933- 
1944, 1954-1965, etc.) this will 
Fig. 4. — Effective sources on the Sun equi- be equivalent to a positive source 
gle ta le ale gi pei ci resi on the Sun, in ca» Teziota USI 

ii 1954, etc.) to a negative source. 

The intensity of this source is pro- 

portional to the number of streams 

and to x. Since « is maximal at the beginning of an 11-year cycle and later 

decreases [12], while the number of spots increases (almost linearly), the 

variation of their product after the minimum of the activity is passed 

should not be large. It depends on details, of which there is not enough 
knowledge. 

Now let us consider slower particles. They will be considerably deflected 
by the magnetic field, and it is easy to see (Fig. 5), that this will act always 
as a positive source on the sun. These two actions tend to cancel each other 
in the «a» periods (1944-1954, etc.) and enhance each other in «b » periods 
(1933-1944, etc.). 

This simple picture would give the necessary 22-year change of diurnal 
variations with the maximum intensity of the solar source in the first half 
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of every «b» period. Thus the exact position of the phase of this change is 
displaced from the necessary one by a few years. No doubt, the picture is 
too crude, such details as the overlap- 
ping of sun spot cycles (known to be 
of the order of two or three years); 
the actual rate of change of « and 
of a number of spots in the vicinity 
of minimum of activity; the fraction Sun 

of time which the Earth spends so = 
high above thesolarequator, that both SARE: 


streams (from the southern nd north- 1923-1933 
1944-1954 


ern solar hemispheres)are on the same 
side, especially in the middle and in 
the end of the 11 year period, this giv- 
ing a zero net effect, etc., can displace 
the phase of change considerably. 
Moreover, such unknown regularities 
as dependence on solar activity of 
the magnetic field H in streams, of 


the distance at which streams become ME ee 
turbulent, etc., are no less impor- 1954 


tant. We wish only to show by an 
example that some first order effects 
N ra, Fig. 5. — The same as Fig. 4 for slower 

ii A al) ol, particles, deflected considerably by the 
ges of the «solar » source of diurnal magnetic field. 
variations, if we connect terrestrial 
Aariations of cosmic rays not only 
with the streams of the 1st kind (which seem to be loosely connected with 
solar activity), but with the streams of the 2nd kind, strongly dependent upon 
the sun spot cycle, having 22 years periodicity, as well. 

Now, we mention some further consequences of the action of streams on 
cosmic rays. 

1) Change of diurnal variations during magnetic storms. Eqs. (5) and (6) 
give the change of intensity during magnetic storms due to reflection of par- 
ticles. Similarly a variation of the spectrum of particles passing through 
the stream is [1, 8]: 


a 
| ili if can moe 
\ + 
SD r(t + y)Aes | 1? arosin (28 — ip ER ei 
(9) D = + : È | 1 SUN) di if aio 
ò. 
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' | 0 4 
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(r — 1). Using coupling coefficients, the amplitude of diurnal variations 
may be calculated (see Table II), for various Hz, i.e., for various eò, = 
= 300H+l:. For very large storms and decreases of cosmic ray inten- 
sity of the type of that of 26 July 1946 and 24 January 1949 [13] we have 
found sò, ~ (120 +160) GeV (see above). Therefore, for u = 2-10% we should 
expect for the sea level hard component at A = 50° an increase GENO TE. 
The time of maximum, as may be shown, must be displaced towards earlier 
hours. This coincides with the experimentally observed changes, but the 
increase is 0.4%, instead of 0.7%. This difference can be hardly attributed 
to the wrong determination of eo Then it must be a result of smaller ve- 


min * 


locity of the stream, or of r71 (r <1). It must be 


sa ot % 
BS _/o 
04% 


“2107 2 1.2-10° emis, 


For 26 July 1946 storm w can be determined directly by using retardation 
of storm (18 46, 26™ July) with respect the solar flare event (16"20™ 25 July). 
This gives u=1.6-105 cm/s in excellent agreement with the cosmic ray de- 
termination. 

It is interesting to note, that diurnal variations during such storms should 
be observable underground, at 45 m H,0, with the amplitude ~ 0.5%, although 
the decrease of intensity does not penetrate on such depth. Such an event, 
indeed, was observed by MACANUFF [14] (diurnal variations during the storm 
of the order of a few tenths of percent, while normal diurnal variations are 
considerably smaller in agreement with the theory). Therefore, this experi- 
mental result by MACANUFF need not be considered as due to an error or 
fluctuations. 


; Taste TS n Expected additional amplitudes (%) due to accelerati 


| Corresponding | Ionizing component, | ronizine t 
: magnetic field upper boundary ai e mee 
SL 3 : 700 mb 700 mb 
(GeV) | strength in the of atmosphere 
vicinity the = — = J IRA ee 
Earth (gauss) | 2—50° A=0° A=50° A=0° A=50° A207 
gal 0,610 0.62 0.13 0.21 0.04 0.35 0.08 
Gi | 103 1.24 | 0.26 0.42 0.08 0.70 0.16 
e a Ose 0.53 0.77 0.64 0.22 0.80 0.48 
ROM aS 0.34 1.22 0.56 0.36 0.56 | 0.76 
60 | Lost 0.18 1.00 0.47 0.64 0.30 0.67 
120 Py Ah 0.10 0.58 0.38 0.55 Oka 0.40 
300 Dae Os 0.05 0.26 0.31 0.43 0.08 0.19 
1500 2.5°10-3 0.01 0.11 0.18 0.18 0.02 0.08 
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2) Direction of magnetic field within a particular stream, sweeping the Earth, 
may be found best of all if during the storm we measure at the equator ampli- 
tudes of diurnal variations for particles coming from the south (A.), and from 
north (A,). If magnetic field is directed along the revolution of the Earth 
around the sun (i.e., from east to west), then the particles coming from the 
south will be accelerated, those from the north—decelerated and we shall 
have A,> A, and vice versa. This field may be correlated with the direction 
of the field in pairs of sun spots. We may, instead, compare simply diurnal 
variations for any point in northern hemisphere with that in the corresponding 
point in the southern one, but here the necessity of eliminating the meteoro- 
logical effects will arise. We may, moreover, remark that if the streams causing 
magnetic storms would have a vertical component comparable with the hori- 
zontal one, then before the storm and after it we would have a large change 
in the amplitude of diurnal variations (due to acceleration or retardation of 
particles, having H ten times greater than in the usual streams of the first 
kind, leading to normal diurnal variations. It seems that experiments disprove 
this possibility, thus favouring the horizontality of H in these streams. 


3) Correlation with magnetic activity should be well pronounced in cosmic 
In particular, an increase of magnetic activity must be accompanied 
by an increase of amplitude and by a displacement of maximum toward earlier 
hours. A definite ratio of effects in various components must be observable. 
This seems to be the case for weak seasonal variations, which remain after 
eliminating strong meteorological variations [15, 1]. 

On the other hand, not every magnetic storm must lead to a cosmic rays 
intensity decrease. The magnetic storm depends on the density of a stream 
and on its velocity. The magnetic field in it has no direct influence on distur- 


rays. 


treams, sweeping the Earth (for u=2-10% cm/s, r=1). 


Hard component Inderground 
sea level (depth in m H,0) 
A=50° = 22 45 7 400 
0.07 0.07 0.021 0.013 0.006 0.002 
0.15 0.14 0.43 0.027 0.011 0.004 | 
0.44 0.42 0.122 0.080 0.033 0.010 
0.70 0.70 0.21 0.13 0.060 0.02 
0.91 0.92 0.43 0.27 0.11 0.04 
0.70 0.77 0.87 0.53 0.22 0.07 
0.39 0.49 0.88 0.23 0.56 0.18 
0.12 0.18 0.30 0.44 0.91 0.88 
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bances in the geomagnetic field, while for cosmic ray perturbations it plays the 
main role (together with velocity). If, for instance, a dense stream is highly 
turbulent, it will cause nevertheless a geomagnetic disturbance, but no cosmic 
ray perturbations. Such cases are in fact known. However, statistically, the 
larger the storms, the more likely that the magnetic field within the stream is 
large. This agrees with analysis of variations [EB JA 


4) The 27-day recurrence is expected to have characteristic features. If it 
is caused by equal recurrence of streams, sweeping the Earth, then we may 
expect that with an increase of magnetic perturbations and a corresponding 
decrease of cosmic ray intensity both the 27-day variations and the 27-day 
recurrence of the diurnal variations should become more pronounced. In this 
27-day recurrence period the amplitude of diurnal variations must increase 
and the time of maximum must be displaced to earlier hours. There seem 
to be experimental facts agreeing with this conclusion. In the period of 
maximum of solar activity the 27-day variations should be especially large 
(also in agreement with observations). 
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1. — Introduction. 


Since many papers at this conference give the analysis of the outburst that 
took place on February 23, 1956, we shall not present our results which coincide 
with those of other investigators. We shall discuss mainly two points, which 
we think are of interest, that is: the mechanism of generation and the 
propagation of solar cosmic ray particles in the solar system. 

Firstly, let us sum up the results of the references [2, 3] obtained when ana- 
lysing the experimental data received by Soviet stations as well as those by 
ELLIOT and GoLp [4]. These results agree with the conclusions in ref. [7]. 


1) In the initial period of the outburst, there was a well expressed 
impact zone which showed the anisotropy of the additional cosmic ray flow 
from a source having angle dimensions of about (15 + 30)°. This flow was com- 
ing from the sun, as is shown by calculations by the FrRor method [5]. How- 
ever, in contrast. with the result expected in [5], the background zone does 
not cover all the longitudes but only a limited region of the longitudes. The 
particles arrive in the impact zone and in the background zone almost simul- 
taneously in the various points (with a few minutes interval), but evidently 
there is a tendency of an earlier arrival at the lower latitudes than at the higher 
ones (Tbilisi and Cape Shmidt, with a difference of approximately 2—3 min- 
utes). On the rest of the earth’s surface (we shall call it the scatter zone) the 
particles begin to arrive with a considerable delay of approximately 10 min- 
utes. The American stations on the central latitudes and stations in the 
higher polar regions are included in this zone. 


2) Maximum is reached very quickly in the impact zone and in the back- 
ground zone (in a few minutes), but in the scatter zone the intensity increases 
rather slowly and maximum is reached much later (approximately in 20 --30 


minutes). 
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3) Intensity in the impact zone and in the background zone decreases at 
first very quickly (twice in a quarter of an hour), but in the scatter zone it 
decreases much slower. Therefore, in approximately an hour’s time the in- 
tensities in both zones become equal. This shows that the additional flow 
by that time becomes isotropic. 

4) In the period of isotropy the spectrum of the solar cosmic ray particles 
found with the aid of the coupling coefficients [1, 2] was: 


(1) OD eye's 


the spectrum did not change as time went on (see Fig. 5 from ref. [1]). 
Here and further on e designates the particle’s energy. 


5) The flow of particles 6D.(¢) coming directly from the sun was found 
by subtracting the results found in the scatter zone from those in the impact zone: 


(2) dD (e) © 101° e? exp [— t/T;] em? h™ GeV. 


Here ¢ is measured in hours and 7°; = + hour. 


9. — The propagation of solar cosmic rays and electro-magnetic conditions in 
interplanetary space. 


1) It is known [7] that certain impact zones exist at the initial stage of 
the outburst, their location being in agreement with what is expected due to 
the influence of the earth’s magnetic field on the trajectories of solar particles. 
This means that a regular, uniform magnetic field between the sun and the 
earth does not exist, or to be more exact, its field intensity 


CP min 
(8) = 200 ha 


where e¢p,,,, is the minimum momentum of solar cosmic ray particles just arriv- 
ing on earth. Even when ¢p,,,,~ 10° eV, this gives H < 2-10-" Oe (actually, 
particles with even smaller energy come to earth). 

This fact proves that the Galactic magnetic field with H — 10~° Oe must 
somehow be forced out of the solar system. One of the possible mechanisms 
of such a phenomenon was suggested by DAVIS [6]. 


2) Now we shall discuss the variation of the intensity during the out- 
burst period. The investigation of this variation led other investigators [7] 
to the supposition that near the sun there is a cavity with a radius of about R,, 
the external magnetic barrier ensuring a decrease in the intensity during the 
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period of isotropy according to the law t ® Here we shall show that such 
strictly formulated assumption is not obligatory. It is possible to understand 
the change of intensity of cosmic rays not only in the last stage, but also in 
the beginning of the outburst, if we assume that there are magnetic clouds 
in the solar system which are situated from each other roughly at a distance 
of about a radius of the earth’s orbit and that they equally well scatter particles 
of both low and high energy (this is possible if the radius of the curvature of 
the particles’ trajectories in the clouds is smaller than (or equal to) the size of 
the clouds). Let us examine such a model. 

Let the distribution of clouds in space be at random and the mean square 
path of the particles between scatterings be 7. Then, for t > A/e, which is only 
of interest to us (Rs/e ~ 8 min), the possibility of finding a particle on the 
orbit of the earth (in the volume element dR) is (this formula is also true 
for any value of t, if the lengths of separate paths between scatterings are 
distributed according to a gaussian law [8]): 
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If n (e; to) is the flux of cosmic particles from the sun, then the intensity 


on earth is: 
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Taking into account that according to (2), No (€, bo) ~ OD (€, to) ~ exp [— 4to), 
with the help of (5), we find I(e, t) under various suppositions concerning the 
value of Z. The results of the calculat- 
ions for A = Rs/4; R4/2; R and 2h. are 
shown in Fig. 1 by solid lines. This 
chart also shows the experimental data 
received for Chicago and Godhaven 
(all data are normalized to t = 5 hours 
after the beginning of the outburst). 
From Fig. 1 it is seen that for mode- 
rate latitudes, the effective value for 


Fig. 1. The expected variation of intensity 
of cosmic rays during the outburst for 
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A is about R./2, while the particles that arrive in and around the polar region 
seem to have somerwhat higher 7, nearer to Ra. Therefore, we may come 
to the conclusion that as we go further from the ecliptics plane, the clouds 
become rarer. From the fact that in the period of isotropy observations 
reveal a rather quicker decrease of intensity than was expected theoreti- 
cally, follows, firstly, that the reflecting border is not really necessary and, 
secondly, that the space within which the scattering clouds are found is limited 
(or rather the distance between the scattering clouds should substantially 
increase as we move farther away from the sun). 

A rather quick decrease of intensity of solar cosmic ray particles which 
proves the impossibility of accumulation of particles in the solar system is an 
important argument against any theory of the solar origin ot cosmic radiation 
(even of the low energy part of it). 


3. — Generation of solar cosmic rays. 


3'1. Energy relations. — The generation of the flux of solar cosmic rays 
took place in an enormous chromospheric outburst. The energy emitted in the 
optical region of the spectrum may be found by taking into consideration the 
luminosity of the outburst. In the maximum it was not less than a few per 
cent (= 5%) of the brightness of the rest of the sun’s surface in the unper- 
turbed spectrum. Therefore 

erg Shave 
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where At — 1 hour is the approximate duration of the visible phase of the 
outburst. 


The kinetic energy of the motion of the gas mass in the outburst is 
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where S,,,, is the visible area of the outburst, & = 10° cm the thickness of the 
chromosphere, 0 ~ 10-! g/cm? is the average density and v the velocity of the 
moving substance. This gives 25 = (10°+ 10%?) erg with w= 10? and 10* cm/s 
respectively. 

The energy of solar cosmic rays is 
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Therefore, the energy emitted in the optical region, the kinetic energy of 
the motion of the gas mass in the outburst and the energy of the solar cosmic 
‘ays are of the same order of magnitude. This allows us to suppose that the 
generation process of particles of comparatively high energy is based on the 
transfer of kinetic and magnetic energy of the motion of the substance of 
the outburst to the charged particles by means of various electromagnetic 
processes which inevitably must take place during the outburst. It should 
be noted that the acceleration mechanism should be thus extraordinarily 
effective. For example, if we assume that acceleration took place only within 
the volume of the flare, which is ~ 1028 em*, then the production of energy 
per 1em should be of the order of 10* erg. 


5°2. Kinetic equation for the function of distribution of relativistic particles 
in the outburst. — In ref. [9] some acceleration mechanisms of solar particles 
were investigated and it was suggested that the statistical acceleration mecha- 
nism due to irregular motion of magnetized clouds is most preferable. 

Further on we shall try to show that an important role in the generation 
of solar cosmic ray may play the acceleration of particles in « traps » between 
two colliding shock waves in a magnetized ionized medium [10], the acceler- 
ation in magneto-hydrodynamic waves [11], the acceleration of particles in 
cylindrical shock waves within the magnetized plasma formed by discharges 
similar to the ones artificially created in the laboratory [12]. 

The main characteristics of the acceleration process are: 


1) the rate of increase of particle’s energy «= (1/e)de/dt (the value of « 
is determined by the combined action of all acceleration mechanisms: «=> x); 

2) the rate of leakage of particles from the volume in which acceleration 
is taking place; 

3) the energy losses due to ionization, to nuclear absorption, to the inverse 
Compton effect, to bremsstrahlung and to magnetic bremsstrahlung losses; 


4) the rate of injection of particles with energy exceeding some cri- 


tical value é,,. 


We consider the total number of particles in the whole volume of the flare. 
Therefore it is unnecessary to study the spatial co-ordinates’ dependence. 
We shall take into account diffusion by introducing the effective lifetime of 
the particles 7, in the acceleration volume. 

When treating the acceleration of heavy particles (protons and nuclei) up 
to a comparatively low energy, we may disregard the loss due to the inverse 
Compton effect, the bremsstrahlung and magnetic bremsstrahlung radiation. 

If we are also to disregard the fluctuation of the energy lost by particles 
due to ionization and nuclear absorption (the validity of such a treatment will 
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be cleared below), then the Kinetic equation for the distribution function of 
relativistic particles in the acceleration volume is 

: 0 4 N(e, t) 
= x(t) 0(& — E) + de [a(t)ceN (e, t)] — — 7 


0 


(9) 


Here N(e, t) is a total number of particles having the energy £ in the acce- 
leration volume at the moment t after the beginning of acceleration; x(t) is 
the number of particles with energy e, formed in the whole volume (e is the 
energy of injection for the given mechanism). The first term at the right 
hand side is the rate of injection of particles, the second the acceleration, 
the third the leakage from the space of acceleration. 

The solution of the equation (9) is [13]: 
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where x and s are determined by the equation 
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The meaning of # and s is obvious: s is the time which is necessary for the 
particles starting their acceleration in the moment x with the energy ¢, to attain 
the energy e. 

It is seen from (10) that the spectrum of the high energy particles depends 
on the form of x(t) and a(t). 

Let us suppose [2] that the acceleration mechanism was put into operation 
at a certain moment t= 0 and was switched away at the moment t="t,,..> To; 
the functions «(t) and x(t) throughout this period remaining constant, i.e.: 
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3°3. Estimation of the main parameters determining acceleration. — The value 
of x may be calculated if we know the acceleration time t,,,, and the maximum 
energy of the accelerated particles e,..: 


(15) pi 


The duration of time of action of the acceleration mechanism may be con- 
nected with the delay of the beginning of the outburst of cosmic rays with 
respect to the solar fiare (t,,, > 15 min). e, Should be =~ 20 GeV. Then 
from eq. (15) we receive (assuming that e, > 1 GeV): 


(16) a = 2-10-8 81, 


In order to obtain the observed energy spectrum (2) for the solar particles 


flux it is necessary to put in (14): 
(17) eee ole 


Keeping in mind (16) we see that we can satisfy the relation (17) if T, _ 10? s. 
Characteristic dimension for the space of acceleration is R,~ 10!° em. There- 
fore the average free path with respect to scattering for the particles in this 


volume is: 


(18) lo = == II an 


which seems to be a plausible figure for the value ot quasi-uniform parts of 
the field in the flare. (We could not find in the literature any definite data for 
this quantity.) If T, < 10*s, then the particle flux from the flare at 
t>t, Will diminish according to (14), quite rapidly, more rapidly than the 
observed flux of solar particles at the earth (since T)< T, * + hour). This 
means that in the vicinity of the solar flare must take place processes of scat- 
tering and accumulation of accelerated particles, leaving the small volume of 
the flare. If we take the dimension of the accumulating volume to be of the 
order of the radius of the sun R, ~ 10!! cm, then it is necessary for the mean 
free path within this volume to be 
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In order to secure an effective scattering of particles at a distance l,, it is 
necessary for the non-homogeneous fields of the solar atmosphere, first of all 
in the corona, to have a field strength H = 0.3 Oe, which seems to: be satisfied. 
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If, on the other hand, we start from the angular dimension of the source, 
which is equal to 15° + 30°, then È & 5-10! cm, 1 ~ 5:10! cm and the field 
in the source should be H = 10-4 Oe (for e= 2-10” eV). 


“4. Ionization losses and nuclear absorption. — Now, we may clarify the 
conditions for the possibility of neglecting the ionization losses and nuclear 
collisions. The ionization losses of non-relativistic protons (mass M) in comple- 
tely ionized hydrogen are given by the equation (see [14]) 
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where n is the concentration of electrons. From (19) it follows that for 
n < 10! (central chromosphere and higher levels) xe = (de/dt),,, when &xin = 
= 0.02 GeV. Therefore, if the acceleration takes place mainly in the region 
where the density of the particles n < 10! cm~’, and if « > 2-10-3 s-!, then 
we may neglect the ionization losses beginning with protons whose energy 
is about 20 MeV. Particles with such energy may appear due to acceleration 
in variable sun spot fields [15]. In the course of collisions of gas masses moving 
at a velocity of —10* cm/s, particles with a kinetic energy of only (10% + 105) eV 
may appear. Therefore, in order to accelerate the particles with such energy, 
it is necessary to have x — (10-1--10-?) s_1, i.e., in the first stage of the acce- 
leration process « should be considerably greater than in the following period. 
Furthermore, in the interval of densities of n < 10!° cm-* we may neglect 
nuclear collisions as well, since during the acceleration time (< 10’s) a particle 
penetrates through a layer of substance whose thickness is < 50 g/em?. Nuclear 
collisions may play an important part for heavier nuclei even if they are ge- 
nerated in layers with n < 102 em-%. The knowledge of a nucleus energy 
spectrum for various Z would greatly help in determining the main character- 
istics of the accelerating mechanism of cosmic rays on the sun. 


3/5. Efficiency of various accelerating mechanisms. — Now that we know 
the values of «, we may determine the conditions under which a particular 
accelerating mechanism of particles is efficient enough to secure the necessary 
value of «. 

According to Fermi’s statistical mechanism 
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where v is the velocity of inhomogeneities, / is the average scattering free 
path. According to (18) the size of the moving inhomogeneities should be 
1 =2-107 cm. Therefore, the statistical mechanism may be efficient only if 
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the velocity of the turbulent motion is (for v & €) 


(21) u= Vacl > 10°; 3-108; 4°10? cm/s, 
for «=1, 10 * and 2-10-*s~ respectively. 

However, according to the astrophysical data, it is hardly possible for the 
velocity to exceed ~ 3-107 em/s. Thus the statical mechanism cannot play 
any important role in the beginning of the acceleration. It can become im- 
portant only at the following stages, when the particles receive enough energy 
(for example, due to the acceleration in the fields of spots [15]). 

For the acceleration in « trap » [10] 


(22) aa 

where wu is the velocity of the shock waves approaching each other, l is the size 
of the trap, f is the probability for the particle to be caught in the trap. The 
same equation for « holds for the acceleration of the particles within high 
voltage discharge [12]. In this case, v is the velocity of the contracting cy- 
linder, / being its diameter. In both cases the acceleration stops when the 
particle acquires enough energy to overcome the magnetic field holding it 
within the trap or within the plasma column. The acceleration in this case 
becomes noticeable if 
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(23) 
For | & 2-10” cm, f~1, v/e~ 0.01 and u— 3-107 cm/s, the acceleration may 
be efficient and this mechanism, in principle, can provide the initial accele- 
ration of particles even beginning with low energy. 

Acceleration of the particles in magneto-hydrodynamic waves [11] gives: 
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where v frequency, 2 wave length and w the phase velocity of the magneto- 
hydrodynamic wave; (H/H the ratio of the wave amplitude to the average 
magnetic field. If ¢H/H <1, we shall find out that it is necessary for 
this mechanism to be efficient to have a frequency of the magneto-hydro- 
dynamic wave v -~ 10-25. For 4 = 10’ cm, this gives « = 10° cm/s, which is 
quite possible in the solar atmosphere [16]. 

Therefore, none of the mechanisms of generation of high energy par- 
ticles considered above is absurd under the conditions of the solar flare. 
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It is possible that all these mechanisms play a certain role in the acceleration 
of particles, and their relative efficiency varies considerably when the energy 
of the particles increases. It is possible that in the beginning of the acceleration 
process the latter two mechanisms are the most efficient and it is only when 
the particles attain high energy that the statistical mechanism comes into 
operation. It is clear that without a detailed knowledge of the process of 
development of the solar flare, it is difficult to solve these problem. 

Moreover, the investigation of this process is of great interest not only 
for the understanding of the nature of the solar flare, but also for the solution 
of the origin of cosmic rays problem. There exists a great similarity between 
the solar flares and the outbursts of Super Novae. Both of them are accompanied 
by an emission of visible light and by radio emission. In both cases gene- 
ration of cosmic rays takes place and in both cases we observe intensive tur- 
bulent flow of ionized gas masses. 

From this point of view the problem of production of relativistic electrons 
during the solar flares is of great interest. 


3°6. Production of fast electrons during the solar flares. — It is evident that 
if the electrons were accelerated in some way up to the energy of ~ 10° eV, 
then their further acceleration would take place, similarly to the acceleration 
of protons with x => 2-10-* s-1. But for electrons of such a high energy we 
have a bremsstrahlung radiation due to collisions with protons and the mag- 
netic bremsstrahlung radiation while they are moving in magnetized clouds. 
The corresponding energy losses are equal to [14] 
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The acceleration of electrons is impossible if 
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For simplicity, let us take into consideration the magnetic bremsstrahlung 
losses alone (because for the layers with n < 10! cm’ they are most essential 
when the energy is e = 10° eV). We see that electrons may be accelerated 
only up to an energy of 
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Therefore, if the field strength is H = 10 Oe (e.g., near the sun spots), then 
the electrons may be accelerated up to e — 5-10%eV. Under these conditions 
their spectrum in this region should be steeper than that of the protons. 
The injection energy for electrons, if x — 2-10 *s-! should be by an order of 
magnitude greater than for protons (which is equal to about 2:10% eV). That 
is why we can suppose that the flux of electrons in the outburst will probably 
be smaller than the proton flux. The magnetic bremsstrahlung radiation of 
electrons in the region of the flare and in the region of accumulation (i.e., mainly 
in the region of the corona) may lead to a powerful outburst of radioemission 
which indeed was observed experimentally. 

In the region of accumulation, the electrons will stay during a time 
which is > 10%s, and during this time the electrons with an energy of 
~5-10° eV will lose a greater part of their energy due to the magnetic brems- 
strahlung radiation, already if H = 2-10-*Oe. Therefore, even if electrons 
were generated at the same rate as the protons (which is hardly probable) 
then their flow from the sun would be certainly much smaller than the flow 
of heavy particles (of protons and of nuclei). 
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INTERVENTI E DISCUSSIONI 


— L. BIERMANN: 

I would like to make two remarks. The first of which refers to the correlation of 
the cosmie ray intensity with the indices of solar activity. There is the well known 
correlation with the intensity of the solar corpuscular radiation, which was mentioned by 
the speaker. Secondly there is the possible influence of the non-thermal electromagnetic 
radiation, particularly in the UV range, which is connected with solar activity. We looked 
into this question a number of years ago and this work, which is mainly due to v. 
Roka, has been described in the treatise Kosmische Strahlung, p. 40, written by members 
of our Institute and edited by W. HriseNBERG (Berlin, Gottinge, Heidelberg, 1953). 
The result of these investigations was that there is not only the well known negative 
correlation of the cosmic ray intensity with the corpuscular activity of the sun, but 
that there is also an independent negative correlation with the intensity of the excess 
non-thermal electromagnetic radiation, for which BARTEL's values, derived from the 
amplitude of the daily variation of the geomagnetic field in Huancayo, were used. 
My question is then, whether this correlation has been taken regard of in the work of 
our Russian colleagues. — Secondly I would like to comment on the value of the 
particle density in the solar corpuscular streams. These enter also in the theory of the 
comet’s tails, which I developed since 1951. In this theory the acceleration of the ion 
tails (Bredichin type I) is regarded as being due to the interaction of the solar corpus- 
cular radiation with the tail plasma. Furthermore it appears that the most effective 
mechanism, by which the cometary molecules are ionized, is the exchange of charge 
with the ions of the solar corpuscular streams. The observed rate of formation of ion 
structures in the tails can then be used to derive a value to a particle density in the 
solar corpuscular radiation. Values of the order 10*cm-* are then found for intense 
streams (possibily up to 105 em-8 in very big magnetic storms), and values of the order 
of several times 10? or 103 for normal conditions. Such values were first derived by 
CHAPMAN and Uns6LD (Observatory, 69, 219 (1949)) on a different basis. They are 
higher by some powers of ten than the values mentioned by our Russian colleagues, 
in agreement with earlier estimates by geophysicists. Personally I would be inclined 
to regard the argument from the mechanism of ionization on the comets as the most 
reliable one among all those which have been mentioned in this connection. 

The same line of arguments leads then to the conclusion that the solar corpuscular 
radiation is visible as part of the polarized component of the zodiacal light (this answers 
at the same time a subsequent remark by Professor MENZEL) and that there is no 
stationary interplanetary gas; these aspects have been discussed more in detail in a 
recent letter to Observatory. 


— L. I. Dorman: 


Note added in proof. — Concerning the remarks by Professor L. BIERMANN we would 
like to notice, that: 


1) According to Roxa, UV solar radiation may lead to a negative temperature 
effect of cosmic rays due to heating of the ozone layer. It was shown in [3], pp. 135 
and 272, that if this effect exists at all, it may tell only on 27-days and small solar 
flares cosmic ray variations. 


2) Figures for corpuscular stream densities used by us seem to be again sup- 
ported by the recent special symposium on streams, held in Moscow in 1955 (see « Physics 
of Solar Corpuscular streams », Akad. Nauk SSSR, (1957). 


PART II. 


Origin Problem. 


The Origin of Cosmic Rays: Some Astrophysical Problems. 
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California Institute of Technology - Pasadena, Cal. 


The following discussion of the origin and acceleration of cosmic-ray par- 
ticles will be divided into four parts: 
1) The possible sources of the particles and their primary acceleration 
before injection into the interstellar gas, 
2) The acceleration mechanism inside galaxies, 
3) The source of energy and the energy-transfer problem, 


4) The acceleration mechanism outside galaxies. 


The discussion will be confined mainly to aspects of these problems which 
are related to investigations that have been made by the author and his asso- 
ciates. No attempt at completeness will be made, but those parts of the 
problems which are likely to be discussed by others at the conference will 
be omitted. 


1. — The possible sources of the particles and their primary acceleration before 
in‘ection into the interstellar gas. 


We shall exclude any discussion of the solar system as the only source of 
cosmic rays. Particles can either be ejected from stellar atmospheres, in stellar 
explosions, or from gaseous nebulae. Thus astronomical evidence for the pri- 
mary sources can come from a number of directions: 

a) Evidence for nuclear activity on the surfaces of stars, 
b) Evidence for explosions of various types which might eject particles, 


c) Other evidence for the presence of high-energy particles in our Galaxy. 


a) Evidence for nuclear activity on the surfaces of stars. — The primary 
evidence for nuclear activity on stellar surfaces is obtained from the spectra 
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of the stars discovered by H. W. BABCOCK to have strong magnetic fields [1]. 
Analyses of some of these spectra [2, 3] show that a large number of elements 
are anomalously abundant relative to the abundances in normal stars having 
similar temperature and ionization conditions in their atmospheres. The types 
of effects which are seen are shown in Table I, where abundances estimated 
from curve-of-growth studies for two magnetic stars are given. In addition 
to this, it appears from measurements of the isotope-shift effect that in another 
magnetic star a large amount of sHe may be present [4]. 

Some of the abundance effects can be explained if it is supposed that the 
nuclear activity produces a flux of free neutrons (following proton acceleration 
and (p,n) reaction on the light nuclei), some of which can eventually be 
captured by the comparatively abundant elements in the iron peak of the 
abundance curve which have large neutron-capture cross-sections at approp- 
riate energies. Other abundance effects may be due to «-particle reactions. 
The conditions for acceleration and synthesis have been discussed elsewhere [5], 
and accelerations produced by other mechanisms, e.g. that discussed by 
SwEET [6] and others in flares, might be invoked. It should be emphasized 
that a major difficulty associated with this mechanism is that a large flux 
of particles needs to be accelerated at one time, so that so-called hot spots 
are produced on the surface of the star. Other difficulties have been discussed 
by BIERMANN [7]. Whatever type of energy spectrum is produced, it appears 
highly probable that its tail would extend out to energies = 105eV which 
are needed as injection energies in all of the variations of the Fermi mechanism 
so far proposed. It seems probable that far more stars than just the magnetic 
A- and F-type stars have magnetic activity going on in their surfaces. For 
in the A and F stars it appears that the peculiar conditions demanded so that 
the abundance anomalies are seen, namely that only a very thin surface layer 
be affected, are fulfilled. However, a number of stars in which the mixing 
zones are probably much deeper, and in which, therefore, we should not expect 
to see abundance anomalies, have been detected by BABCOCK to have mag- 
netic fields in the kilogauss range. Furthermore, there is a very severe obser- 
vational selection effect present, since BABCOCK can only hope to detect fields 
in stars whose spectra have intrinsically very sharp lines. 

If we confine ourselves to the magnetic A- and F-type stars it appears 
that there may be about 107 currently present in our Galaxy with mean field 
‘strengths in excess of one kilogauss. The average life of such stars can be 
supposed to be ~ 10° years, which is sufficiently long, as compared with the 


average life of a cosmic-ray proton in the Galaxy, to permit us to assume 


that all of the cosmic rays present in the Galaxy have come from a single 
generation of magnetic stars (neglecting the spread in star births). Now the 
total cosmic-ray energy in the Galaxy may be —10°° ergs, and if the mean 
energy per particle is presently ~10~ ergs, about 1058 particles have been 
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1 > n > N ) N ) 
Taste I. — Abundances of the elements in two « peculiar A » stars, relative to those in 
a normal star. 
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produced. This would imply that each star has generated about 105! particles 
with a mean energy ~ 500 MeV (8-10-* ergs injection energy) and has there- 
fore emitted about 8-107 ergs in the form of cosmic rays, i.e. ~ 0.7% of its 
total radiant energy emitted in its lifetime, or near 15% of that emitted in 
a period ~ 5-108 years. This is a large proportion, and it would suggest perhaps 
that a wider population of stars than these alone contribute to the primary 
flux. On the other hand, the possibility that in their early lives, perhaps during 
condensation, such stars were much more active than they are today, cannot 
be ruled out. 

Another argument is obtained from the requirements of a theory of ele- 
ment synthesis in stars [8]. This theory is unable to explain the observed 
abundances of D, Li, Be, and B, unless it is supposed that they are produced 
in cool, low-density regions, since they are always rapidly destroyed in hydrogen- 
burning in stellar interiors. Thus the argument has been put forward that 
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they may have been produced in spallation reactions high in the atmospheres 
of stars. In this case the observed result that the (Li, Be, B) abundance is 
of the same order of magnitude as the (0, N, O) abundance in the primary 
cosmic-ray flux is explained by the fact that the spallation producing this 
has gone on in the stellar atmospheres as well as in the interstellar gas. It 
should be emphasized that the difference in density between the upper layers 
of an average stellar atmosphere and the interstellar medium means that the 
probability, per unit time, of experiencing a nuclear collision is about 10% times 
greater in the atmosphere than in the interstellar gas. It is also found, in the 
theory of element synthesis, that to produce the so-called cosmic abundances 
of Li, Be, and B, it is necessary to suppose that a wider class of stars than 
the magnetic stars takes part, so that if this picture were accepted there would 
be more than 107 stars available as primary sources. Deuterium, which has 
a very high abundance on the earth, cannot be produced in sufficient quan- 
tities by this mechanism. 

Another direct method of showing that nuclear activity is taking place in 
limited regions on the solar surface, is to detect the presence of some of the 
first isotopes which will be synthesized in such activity, i.e. D, *H, and *He. 
It is of some interest that at the University of Michigan attempts are under 
way to detect some of these isotopes by examining the spectral features in 
flares under very high dispersion [9], while in the USSR SEVERNY [10] claims 
already to have detected deuterium in flare regions, and he estimates that 
the D/H ratio is ~ 107. 


b) Evidence for explosions of various types which might eject particles. — 
Stellar explosions are characterized by sudden large increases in luminosity, 
and in some cases by measurements on the Doppler shifts of spectral features 
which show that material is moving rapidly out from the seat of the explosion. 
Supernovae, novae, and flares all appear to be different types of stellar ex- 
plosion. For novae and flares, little new information is available. Though 
it is certainly possible that enough material can be ejected to provide the 
primary source of cosmic radiation, it does not appear that we can make any 
new estimates until the mechanisms which trigger these outbursts are under- 
stood. Supernovae have long been proposed as primary sources. of cosmic 
rays. We shall consider here the circumstances under which primary particles 
could be produced in the context of a theory of element synthesis in stars 
which has recently been proposed [8]. According to this theory supernovae 
are the source of production of the neutron-rich isotopes of the heavy elements 
and of uranium and thorium and the trans-uranium elements. They are syn- 
thesized when a base material, which is taken to be the elements in the iron 
peak of the abundance distribution, is subjected very rapidly to an extremely 
large neutron flux. Observational evidence in favor of the theory ist he fact 
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that after 50-100 days the light curves of supernovae of Type I decay with a 
half-line of 55 days, while the most recent values of the decay half-life 
against fission of ?54Cf are 56.2 + 0.7 [11] and 61 days [12], so that it 
has been proposed that this is the isotope responsible for the observed decay 
curve. ?°4Cf is the only f-stable neutron-rich nucleus which decays predomi- 
nantly by spontaneous fission and which has a half-life between 10 days and 
104 years. The optimum conditions under which isotopes with atomic weights 
up to — 260 will be synthesized are obtained when the envelope of the super- 
nova is hydrogen-poor, so that the abundance of H, He, C, N, O, are all about 
equal (by number) while the abundance of Fe is about 1% of these light 
elements. The production of neutrons occurs when, following the initial im- 
plosion of the core and the inner envelope of the supernova, (p, y) reactions 
on nuclei such as ?°*Ne generate temperatures of the order of 10° degrees and 
also produce ?!Ne following the 8-decay of ?2!Na. Then (a,n) reactions of the 
type ?!Ne(a, n)?4Mg taking place at these temperatures are sufficient to pro- 
duce tremendous fluxes of neutrons amounting to — 4-102 cm7?s !, the net 
effect of this sequence of events being to transform a large proportion of the 
protons to neutrons. These neutrons are then captured by the Fe, and the 
material is driven up to about A = 260, at which point the fission rate be- 
comes faster than the rate at which neutrons can be added. Thus the material 
will fission and if further neutrons are added it will begin to cycle and thus 
to build up the abundances in the region between A=110--150 (the two 
peaks in the fission fragment curve) and A = 260, while continuously deplet- 
ing the iron. 

Thus if any of this material eventually forms part of the primary cosmic- 
ray flux, and if it has not been modified by any further nuclear reactions, we 
might expect to find that: 


i) the abundances of light elements such as C, N, O, Ne, relative to 
hydrogen, are very much greater than the values given in the abundance tables; 


ii) the abundance of Fe relative to hydrogen is very much greater 
than normal; 


iii) the abundances of isotopes with A < 110 are very much greater 
than normal, and in the extreme case are comparable with or greater than the 
abundance of Fe. 


Another process which is demanded in the theory of element synthesis in 
stars is that which builds the elements in the iron peak. It has been proposed 
that this process takes place under conditions in which statistical equilibrium 
is reached between nuclei, neutrons, protons, and radiation. Under such condit- 
ions the nuclei will tend to converge to the condition of maximum stability, i.e. to 
the bottom of the packing fraction curve, so that *Fe will appear in maximum 
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abundance, the abundances of nuclei with A <56 falling away very rapidly. 
To reproduce the abundances of the isotopes in the range 50 < A < 62 in 
the solar system it has been found that a freezing temperature ~ 4 10° degrees, 
and a ratio of free protons to free neutrons of about 300, is required. Under 
these conditions about 80% (by mass) of the core of the star will be trans- 
muted to **Fe. Further contraction of the core and increase of temperature 
and density beyond this point may result in the conversion of the °*Fe to ‘He 
together with the development of an instability which may trigger a super- 
nova outburst. Thus it would appear that in some circumstances a Supernova 
explosion would lead to the ejection of core material in which case we might 
expect to find in an unmodified cosmic ray flux that: . 


i) the abundance of **Fe would be extremely large, 
ii) the abundance of ‘He might be very large. 


Some evidence has already been put forward that the composition of the 
cosmic-ray flux is not normal. For example, Noon, HERZ, and O’BRIEN [13] 
have found that together with the usual anomaly associated with Li, Be, 
and B, which they find to be greater than 100 times their normal abun- 
dances, the abundance of elements with Z > 10 is more than six times normal. 

It should be emphasized that the temperature demanded to produce such 
synthesis is only ~ 10° degrees (100 keV) so that there is no possibility that 
the injection energy required for particles to be accelerated in the interstellar 
gas (~ 100 MeV) could be supposed to be provided by the high-energy Max- 
wellian tail of such an energy distribution. The acceleration mechanism which 
might be responsible for the gain to the injection energy in the interstellar 
gas will be discussed in the following sub-section. 


c) Other evidence for the presence of high-energy particles in the Galaxy. — 
The most striking result obtained in recent years has been the explanation 
of the high degree of polarization of the light from the Crab nebula as being 
due to synchrotron radiation emitted by electrons (and positrons) accelerating 
in the magnetic field which must be present there. This explanation, first 
proposed by SkLovskis [14], shows that in the only supernova remnant which 
can be investigated in any detail there is a tremendous flux of high-energy 
particles and magnetic field. Calculation of the minimum amounts of energy 
in particles and field which are able to explain the power levels in both visible 
light and radio emission shows that there are at least ~ 10% ergs in each of 
the energy modes, kinetic energy of the filaments, magnetic energy, and high- 
energy particles. The mean energy of the electrons in the model of Oort and 
Walraven [15] is about 100 GeV. Both SKLOVsK1J, and Oorr and WALRAVEN 
have proposed that systems such as the Crab are by themselves important 
sources of cosmic radiation. They have assumed that all of the high-energy 
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nucleons in the Crab will eventually escape, and if the rate of supernova out- 
bursts in our own Galaxy is about 1 every 100 years, they conclude that a 
considerable proportion of the energy of cosmic radiation currently present 
is due to objects such as this. A number of qualifying statements concerning 
these ideas can be made. 

OorT and WALRAVEN have assumed that there is equipartition in energy 
between the electrons and the nucleons. Now if the particles gain their energy 
by a Fermi-type mechanism which is operating inside the nebula, it would 
not be expected that this approximate equipartition would be reached, but 
that far more energy would be gained by the nucleons, in the limit (M/m) 
times as much as the electrons. This would mean that the average nucleon 
energy at maximum would be near 10!* eV and this would destroy the equi- 
partition between the different energy modes. If such a situation were reached, 
it would mean that the pressure exerted by the cosmic rays would be over- 
balancing the other pressures and the nebula would be expanding because of 
this pressure. While there is no direct observational reason for excluding this, 
it is difficult to see how such an extreme situation could have arisen. For it 
the particles have continuously gained their energy at the expense of the tur- 
bulence and magnetic energy, it seems that after approximate equipartition 
is reached, the rate of particle-energy gain will be very considerabiy slowed 
down as the pressure exerted by the already present particle flux tends to 
reduce the turbulence and give rise to some alignment in the magnetic field. 
Now some degree of alignment in the field has been observed [16]. This might 
suggest that some degree of inequality between the energy of the particles and 
the hydromagnetic energy of the gas has been reached, with the particle energy 
perhaps a few times greater than the total energy in the other modes, and 
the expansion is mainly governed by the cosmic-ray pressures, i.e. the equi- 
partition condition has only been slightly overshot. 

This argument leads us to propose that a more plausible idea concerning 
the origin of the electrons (and positrons) is as follows. The primary flux of 
particles is the nucleon flux which has been ejected first from the supernova 
outburst, and later has been reinforced by further ejection in the form of 
wisps of material (oberved by BAADE [17]). Following some acceleration in 
the nebula these nucleons collide with the atoms in the «stationary» gas, 
and, after meson production and decay, they produce the flux of electrons 
and positrons. This problem will be discussed in more detail elsewhere [18], 
but it appears that the electrons and positrons are produced at fairly low 
energies (~ 108 eV) and then a fraction is accelerated by the small-scale structure 
in the nebula to give the energies demanded so that they will emit radiation 
in the visible region, while the remainder is responsible for the radio-emission 
of the nebula. 

Such a model suggests that supernova remnants of this kind do contribute 
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to the primary cosmic-ray flux, but there are some modifications when we 
consider the chemical composition of the particles. A considerable amount 
of nuclear activity takes place inside the nebula and it is this which may 
well affect the primary flux which we have earlier suggested may be ejected 
in the supernova outburst. Thus the results of NOON et al. might be explained 
by supposing that the material with anomalous composition was initially 
ejected in the outburst, that it was accelerated in the early life of the nebula 
(in the first few days) by a Fermi mechanism acting in the turbulent gas and 
magnetic field amplified by the initial shock front. Further acceleration spread 
over a time-scale of years increased the energies of nucleons above the thresholds 
for meson production in nucleon-nucleon collisions, so that the electron-positron 
flux began to build up. Acceleration over a time-scale ~ 10° years has resulted 
in a large proportion of the energy being transferred to the high-energy nucleon 
flux that is mainly responsible today for the expansion of the nebula. The 
smaller hydromagnetic eddies in the gas are still able to accelerate the se- 
condary electrons and positrons. 

Throughout this sequence of events the Li, Be, and B have been built up, 
while the Fe which was exceedingly over-abundant initially has been spallated 
to some extent, though its abundance has not been reduced to the normal 
value before escaping. A model of this sort for the Crab would contain more 
energy in the nucleons (~ 10° ergs) than was proposed in the earlier models 
so that if sufficient of these could escape a large proportion of the primary 
flux could be supposed to originate in supernovae. The radio source Cassio- 
peia A may also be a supernova remnant. It is a more powerful source of radio 
emission than the Crab, though no synchrotron radiation in the visible part 
of the spectrum has been observed. Its distance is in some dispute, but if it 
is >3kiloparsecs, a distance which has been estimated by radio techniques, 
the total amount of energy in particles and field necessary to explain the radio 
power is also ~ 10 ergs. 

A reasonable estimate of the rate of supernovae is perhaps 1 every 300 years, 
a value slightly smaller than that previously proposed. Since some type of 
Fermi mechanism for further acceleration of particles following escape from 
the primary sources does appear to exist in the Galaxy, there does not appear 
to be any virtue in attempting to prove that acceleration in supernova remnants 
can account for all of the cosmic ray energy in the Galaxy. In any attempt 
of this sort the explanation of the extremely high-energy particles must prove 
to be an overriding difficulty. 

Apart from abnormal astronomical objects such as magnetic stars, gaseous 
nebulae which form supernova remnants, novae, and flare stars which may 
also accelerate particles at their surfaces, it is entirely possible that normal 
stars make a considerable contribution to the flux of primary particles. Un- 
fortunately studies of particular events on the sun (such as the well-known 
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flare of February, 1956) do not allow us to extrapolate to obtain the total 
amount of activity produced by stars on the main sequence. Thus one pos- 
sible way of deciding which of these types of source makes the most important 
contribution is to determine in detail the composition of the primary flux. 
Then, provided that we use detailed models of supernovae or atmosphere of 
magnetic stars, and also provided that more information on spallation products 
and cross-sections becomes available, we may be able to determine the probable 
places of origin. The amount of spallation which takes place in the interstellar 
gas is still not known. We have generally supposed that nuclear collisions 
were all-important in limiting the times for acceleration as was originally con- 
ceived by Fermi. However, the time may be limited instead by the leakage 
out of the accelerating volume. In this case the chemical composition of the 
primaries might more nearly reproduce the composition of the material ejected 
from the stellar or nebular sources. 


2. The acceleration mechanism inside galaxies. 


Modified Fermi acceleration mechanisms which may be effective in the 
disk of our Galaxy have been discussed by L. DAVIS and C. Y. Fan at this 
conference. Therefore I shall not consider them here, but instead I shall give 
an outline of the arguments which suggest that a very powerful mechanism 
of acceleration must exist in the haloes surrounding galaxies. 

In the last two or three years it has become clear that in the radio sources 
associated with galaxies the distribution of radio emission is very different 
from the distribution of starlight, in that, while in spiral systems the light is 
emitted predominantly from the disk of the galaxy, and in ellipticals from a 
central spheroidal region, the radio emission comes both from these central 
regions and also from roughly spherical volumes. These volumes are very 
large when compared with the volumes inside which the majority of the stars 
are concentrated, and they are roughly centered on the centers of the disks. 
BALDWIN [19, 20] has shown that such a halo distribution exists in our Galaxy 
and in M 31 (the Andromeda nebula), while Mitts [21] has described possible 
extended distributions of radio emission in a number of bright southern ga- 
laxies. Following earlier suggestions by SKLOVSIJ and other Russian wor- 
kers, the author [22] has considered the conditions which are demanded to 
explain haloes such as these. 

The argument which leads to a direct relationship between the halo as a 
source of radio emission and as an accelerator of cosmic ray particles can be 
summarized as follows. On the well-founded assumption that the synchrotron 
mechanism is responsible for this radio emission, it follows that the halo con- 
tains both a flux of high-energy electrons and positrons and a magnetic field. 
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If a magnetic field is present, then associated with it there must be a low- 
density gas. Since the Galaxy has a high rotational velocity, this gas will 
remain in an extended volume only if sufficient turbulent or kinetic pressure 
is exerted to keep it there. Otherwise it would collapse towards the disk. 
This demands in our Galaxy turbulent velocities of the order of 100 km/s, 
or kinetic temperatures ~ 10° degrees [23]. Then, provided that the halo has 
a turbulent structure, particles must be accelerated in it by the original Fermi 
mechanism [24]. If the acceleration takes place in this way, the isotropic 
distribution of cosmic rays is more easily explicable, without the necessity of 
introducing various mechanisms which will scatter but not always accelerate 
particles in the disk. 

The conditions in haloes, or in any radio sources, cannot be determined 
completely from the measurements of total radio power emitted from them 
and from the radio spectra. The parameters which enter into the calculation 
are the mean magnetic field strength, the total particle energy, the particle 
spectrum, and the ratio of the total magnetic energy to the total particle energy. 
Since we do not have independent measurements of the average magnetic 
field strengths in halo regions, or in any regions other than in the disk of our 
Galaxy, the method of calculating the energy in the different modes has been 
to assume various magnetic field strengths and then to calculate the total par- 
ticle energy in each case. Then to make the problem determinate it is sup- 
posed that the total energy present is the minimum energy necessary to account 
for the radio power emitted. This is what has been done in the majority of 
the calculations, and at the energy minimum there is equipartition between 
the two modes. 

The question arises, when we are calculating the total particle energy, as 
to what the ratio total energy (nucleus)/total energy (electrons) is taken to be. 
The author has concluded that unless the electrons and positrons are produced 
in a very remarkable way (cf. Sect. 3), it is the nucleons which are the primary 
particles while the electrons and positrons are secondary and are produced by 
high-energy nucleon-nucleon collisions which result in meson production and 
decay. The reasons for this are twofold. In the first place, as has been stated 
in Sect. 2, the accelerating mechanism will almost certainly give much more 
energy to the nucleons than to the electrons. Thus even if electrons were 
accelerated, protons would also be accelerated to such an extent that electrons 
and positrons could be produced as secondaries, and the multiplicities of the 
mesons produced in the intermediate step would be large enough so that the 
secondaries would outweigh the primary electrons. 

Secondly, a cogent argument against the presence of primary electrons in 
galactic haloes can be based on the argument originally given by FERMI [24] 
for the non-appearance of electrons in the primary cosmic-ray flux down to 
the limits then given. This was simply that the energy losses by electrons 
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through collisional ionization or bremsstrahlung are so great at low energies 
(< rest energy) that even in a gas as tenuous as the interstellar medium they 
will outweigh any energy gain by the Fermi mechanism. Now the density 
in the halo regions (perhaps ~ 10-** g/em’) is much lower than it is in the 
disk (~ 10-24 g/em’) and therefore, although we are concerned with emission 
in the halo, primary electrons would arise by one process or another in the 
disk only, and they would encounter this difficulty associated with their injection 
energy. GREENSTEIN [25] attempted to show that in some radio sources in 
the disk (e.g. the source in Cassiopeia) the difficulty associated with the injection 
energy might be overcome by supposing that the electrons were emitted in 
low-energy nuclear reactions so that injection energies >1MeV might be 
achieved. Unfortunately it appears that the rate of reactions involving deu- 
terons, for example, is far too low, due to the rarity of deuterium and the low 
density, to give rise to sufficient electrons. 

This difficulty is overcome if it is assumed that the electrons and positrons 
are secondaries, since the average injection energy is then ~ 50 MeV which 
is entirely adequate for further Fermi acceleration processes. In our Galaxy 
a further argument in favor of this mechanism can be invoked. If we cal- 
culate the rate of production of the secondaries, using the currently accepted 
values of the cosmic-ray energy density and spectrum, measured nucleon- 
nucleon cross-sections in the GeV range, and the statistical theory to estimate 
the meson multiplicity, we find that the rate at which energy is transferred 
to secondaries is equal (to within an order of magnitude) to the rate of radio 
radiation by the whole Galaxy [26]. Thus it may be concluded that an equi- 
librium situation has been reached, and that all normal galaxies with the same 
energy content of cosmic rays and similar magnetic fields would radiate at 
approximately the same power level. 

Something more can be said about the turbulence and the magnetic field 
in the haloes. Provided that we do not suppose that this is purely a high- 
temperature halo, the existence of the turbulence means that at most the 
magnetic field energy is in equipartition with turbulent energy. In this case 
we shall be dealing with a hydromagnetic turbulent gas and the eddy sizes 
and velocities can be determined only from a hydromagnetic theory. On the 
other hand, the magnetic energy might be small as compared with the turbulent 
energy and be in the process of being amplified by the turbulence. However, 
the simplest postulate that can be made is to suppose that equipartition is 
reached, so that the total energy in a halo is approximately three times the 
energy of each mode, the heat content being assumed small. 

There is no reason to suppose that a halo is static. Thus it might well be 
expanding; the necessary pressure conditions for this to occur have been pre- 
viously discussed [22]. It may be fed by gas which is continuously ejected 
from the disk and by stars which evolve and lose mass while passing through 
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the halo (some 20% of the total galactic mass may be contained in stars of 
the halo population). 

To give some idea of the total energies that are contained in particles and 
magnetic field, we show in Table II the results of computations made along the 
lines described above for the radio sources in a number of galaxis [27-29]. 
The evidence for haloes around the radio sources in NGC 5128, NGC 1316, 
and NGC 4486 (M 87) has been described elsewhere [28, 30]. Among the extra- 
galactie radio sources only M 87 contains a jet of synchrotron radiation in visual 
wavelengths which can be observed [31], and in this case it is tempting to 
relate the halo to the jet in some way. If the halo has originated from the 
jet, this might mean that an exceedingly powerful source of unknown origin 
| is feeding into the jet which is then acting as a funnel channelling the particles 

into the halo. 

Mention of such a source leads us to the discussion of the whole energy 
problem associated with the radio sources. The discovery of radio sources 
and the identification of their mechanism of radio, and in some cases non- 
thermal optical, emission has led to considerable advances in our understanding 
of the cosmic-ray problem. Thus we known that all of the radio sources will 
act as powerful emitters of cosmic rays, that whatever the mechanism of 
particle acceleration is, it is very efficient, and that most galaxies probably 
will contain a large flux of cosmic-ray particles. However, we still have a very 
considerable problem associated with the energy sources for all of this activity. 


TapLe II. - Hstimates of total energies and magnetic field strengths in radio sources. 
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3. — The source of energy and the energy transfer problem. 


On current theories of the origin of cosmic rays and of radio emission the 
energy required is taken in the first instance from galactic magnetic fields and 
from the kinetic energy of the interstellar gas and dust. In normal galaxies 
the sources of energy which are available to feed these modes are the energy 
of galactic rotation and the nuclear-energy sources in the stars. The rota- 
tional energy amounts to ~ 105° ergs, while the total amount of nuclear energy 
available (that given up if all of the hydrogen were converted to helium, making 
some allowance for that already transmuted) is ~ 10% ergs. However, although 
both sources appear entirely adequate to supply the energy of kinetic motions 
and magnetic flux, the method of energy transfer is not understood. 


If galactic rotation were responsible, then a mechanism by which the energy 
is transferred by viscous forces and the differential rotation would seem to 
be required. A quantitative investigation of such a mechanism has not been 
made. However, the coupling afforded by the viscous forces is very weak. 
Also only 1 or 2% of the galactic mass is concentrated in the gas and dust, 
so that the energy reservoir in the rotation is effectively reduced by a factor 
~ 100, since the coupling between stars and gas is so weak as to be negligible. 
An observation which may have some bearing on this mechanism is that 
obtained from the 21 em work which shows that the velocities of the clouds 
of neutral hydrogen towards the galactic center are far higher (~ 50 km/s) 
than they are in the spiral arms in the vicinity of the sun [32]. This might 
argue against the generation of motions from the galactic rotation, since from 
observations of extragalactic nebulae it appears that in these regions galaxies 
may tend to rotate as rigid bodies. 

Nuclear energy sources present problems of a different nature. The transfer . 
of nuclear energy must involve the same kind of mechanism as that suggested 
by Oort and Sprrzer [33] to be important in star formation. They have 
pointed out that a newly formed very luminous star will heat the surrounding 
gas by ultraviolet radiation, the resultant increase in pressure leading to a 
high acceleration and generation of motions in the gas. No quantitative esti- 
mates of whether the rate of formation of hot stars is sufficient to generate 
all of the motions in the gas have yet been made. In any mechanism the 
dissipation which takes place in collisions between clouds is of importance. 
Magnetic fields can be amplified from very weak seed fields once the motions 
of the clouds have been generated. However, it has been recently pointed 
out that the dissipation of magnetic energy in the interstellar medium can 
no longer be considered negligible in the lifetime of the Galaxy [34], as was 
once thought to be the case. Thus a characteristic decay time for a neutral 


416 G. R. BURBIDGE 


hydrogen cloud is ~ 5-108 years or less than one tenth of the age of the Galaxy. 

Hence for our Galaxy we may conclude that neither of the mechanisms 
proposed for the generation of motions have been shown quantitatively to 
be adequate to account for the observed effects. (A third mechanism has been 
speculated upon [35], but will not be discussed here.) The further steps by 
which the magnetic field is amplified by these motions and the energy trans- 
ferred to accelerating particles also need investigation. 

Some of the extragalactic radio sources which have been ida with 
optical objects, and certainly all of the most powerful sources, are not «nor- 
mal » galaxies which are easily fitted into a classification system. It has been 
widely suggested that these are colliding systems, the criteria used to deter- 
mine this being rather arbitrary (i.e. decided opinions as to what a collision 
looks like), and in one case, that of NGC 1275, the suggestion being based on 
fairly detailed measurements of relative velocities in different parts of the 
system [36]. Measurements of large relative velocities cannot by themselves 
offer proof that collisions are taking place. For any mechanism which can 
provide large fluxes of high-energy particles must almost certainly also give 
rise to large-scale motions which could be measured spectroscopically. In 
some cases it is very hard to disentangle the two systems, if they really are 
two formerly separate galaxies, while there are also many apparently interact- 
ing systems which are not identified as radio sources. 

The primary theoretical argument in favor of the hypothesis that the strong 
sources are colliding systems, is that the collision provides a large reservoir 
of energy which may be transformed into magnetic and particle energy. In 
the case of two large spirals with a relative velocity of 1000 km/s this energy 
supply would amount to about 10° ergs. This is adequate to account for the 
energies of particles and field in all of the known sources, though in the case 
of the Cygnus source, the most powerful of the extragalactic sources, an effi- 
ciency of energy conversion of unity is required if the particle flux is primarily 
nucleons, while an efficiency of 1-10°% is demanded if only electrons are present. 
Such an efficiency in a sequence of hydromagnetic processes of great com- 
plexity appears almost unbelievable. For example, it can be seen in a quali- 
tative fashion how a magnetic field can be amplified by a factor ~ 100 in a 
collision, in a very limited volume. 

The problem is one of the passage of very strong shock waves in a medium 
containing a very weak magnetic field. The amplification obtained is then 
given by the degree of compression which can be attained by the gas; using 
the classical theory this compression factor is given by (y+1)/(y — 1), so that 
if y= 3 the factor is 4. Thus multiple collisions in which two clouds collide, 
a third collides with the multiple system, and so on, will lead to the required 
amount of amplification. However, such a mechanism would only tend to 
increase the field in limited volumes, so that the total efficiency of a collision 
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in this respect would be low. Further energy transfer to particles is an even 
more indirect process. ) 

A special puzzle, if galactic collisions are proposed as the origin of syn- 
chrotron emission, is that of M 87. Here we have an apparently normal E 0 
galaxy, though it has a very high luminosity, in which there is no visible 
evidence for interaction with another system, and yet a very large energy 
supply is demanded. The only peculiar visible feature in M 87 is the jet which 
appears to come from the central regions. (It might be mentioned in passing 
that the discovery of the jet may be in itself somewhat of a fluke. Thus it 
can only just be resolved, and there may be very many systems in which such 
phenomena remain undetected, e.g. our own Galaxy.) The presence of haloes 
in abnormal systems is not as difficult to explain on a collision hypothesis 
if it is supposed that haloes are features of normal galaxies, though it might 
be expected that in any interaction they would be highly distorted. It was 
these energy difficulties which led the author, when discussing M 87, to spe- 
culate on the possible presence of antimatter in the system, and then HOYLE 
and the author [35] considered the consequences of the speculation that anti- 
matter exists both in our Galaxy and in other radio sources, and is the primary 
cause of the radio emission. There are serious difficulties attached to this 
speculation which we shall not discuss here. However, it should be pointed 
out that if the idea were accepted, it would in turn destroy some of the argu- 
ments by which we have related the sources of radio emission and of cosmic 
rays. For the production of electrons and positrons from proton-antiproton 
annihilation would mean that no high-energy nucleon component would be 
associated with them. 

We conclude this section by emphasizing that although recent develop- 
ments in radio astronomy have gone a long way towards explaining some of 
the problems of the origin of cosmic rays, they have brought to the fore again, 
and in a more severe form, the important astrophysical problem of the source 
of energy for all of the activity. 


4. — Extragalactic acceleration mechanisms. 


Since primary particles having energies ~ 10% eV and in one case 101° eV 
have been detected already in the primary flux [37], and since these particles 
can neither be contained nor accelerated in our Galaxy, an extragalactic origin 
must be presumed to account for them. The first source that comes to mind 
is the jet in M 87 where the magnetic field may be sufficiently large (107? gauss) 
so that the spiralling radius of a 10!° eV proton will be only about 11 parses 
(= 34 light years) so that it could be contained there and possibly be acce- 
lerated by the largest hydromagnetic eddies that might be present. However, 
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although such a source may be important, it is worthwhile looking for more 
general conditions under which sufficient acceleration could take place. 

Suitable conditions may be found in dense clusters of galaxies, and we 
shall conclude by outlining a theory of acceleration in such clusters which has 
recently been proposed [38]. There is considerable evidence available today 
which shows that most galaxies exist in clusters. Our own Galaxy is a member 
of what is known as the local group, a loose cluster comprising only about a 
dozen members lying inside a volume with a dimension — 5-10 parsec. On 
the other hand there are very many clusters which have diameters in the 
range 2-(109-—-10”) parsec, containing ~ 10° or more members measured down 
to a certain limiting brightness. The diameters of such systems are very ill- 
defined, the populations in many cases becoming extremely dense towards 
the center. Of these dense clusters the Coma cluster and the Corona cluster 
are well known, and a recent survey by ABELL [39] has shown that within the 
distance of the Hydra cluster (which has a red-shift of 60500 km/s so that 
using the red-shift constant of 180 km/s/10° parsec puts it at a distance of 
3.4-108 parsec) there are hundreds or even thousands of such dense clusters 
There is considerable evidence from the work of Zwicky that much material 
exists between galaxies. Also, the haloes which have previously been dis 
cussed, and the 21 cm observations of neutral hydrogen in the Coma cluster [40] 
and about the Cygnus radio source [41], all suggest that diffuse and tenuous 
gas and perhaps dust is present in the space between the mass and light con- 
centrations which we describe as galaxies. It seems very reasonable to sup- 
pose that there is a weak intergalactic magnetic field associated with this 
material. 

If this assumption is made, then we can consider the acceleration of par- 
ticles which escape from galaxies, and which now are accelerated between 
galaxies in the same way that Fermi originally proposed for cosmic-ray par- 
ticles among the interstellar clouds in our own Galaxy [24]. The parameters 
which are then of importance are the random velocities of the galaxies, their 
mean separations, and the total time which is available for acceleration. In 
very dense clusters the mean random velocities are ~ 2000 km/s, and in the 
central regions the separations of the galaxies are not much greater than their 
own diameters, so that they are continuously making collisions among them- 
selves. The time available for acceleration appears to be limited, not by the 
destruction by nuclear collisions, since the particles spend most of their lives 
in regions of very low density, but rather by the age of the universe. If we 
assume that an evolutionary cosmological model is correct we find that the 
conditions in the Coma cluster lead to energies with an upper limit ~ 5-102 eV. 
It is of interest that the nearest source of ultra-high-energy particles on this 
theory will be the Coma cluster which is about 3-107 pse away. Acceleration 
in the local group is negligible. 
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It is of interest that the upper energy limit may be determined from cosmo- 
logical considerations. This gives in principle the possibility of a cosmological 
If no other mechanism of acceleration were available, and the rate of 
acceleration at an earlier epoch were understood, the detection of primary 
particles with energies +102! eV might lead to the conclusion that the steady 
state cosmological model was indicated. However, in an earlier epoch, the 
acceleration mechanism might have been more efficient, and in an expanding 
universe the acceleration of particles among clusters of clusters of galaxies. 
might also be important. 


test. 


I am indebted to Dr. MARGARET BURBIDGE for discussions about this topic. 
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1. — Introduction. 


In 1950 ALFVEN and HERLFSON [1] as well as KIEPENHEUER [2] showed 
that non-thermal cosmic radiation may be explained by relativistic electrons 
‘moving in the interstellar magnetic fields. In the years that followed the 
«synchrotronie » theory of non-thermal cosmic radioemission was further de- 
veloped in the U.S.S.R. owing the investigations made by V. L. GINZBURG 
and his collaborators (see references in the paper [3]). Since the non-thermal 
radioemission of the Galaxy is caused by relativistic electrons that move in the 
interstellar magnetic fields, it becomes possible to observe the electron com- 
ponent of the primary cosmic rays in the universe. Before this the primary 
cosmic rays could be observed only in the immediate proximity of the Earth. 
At the same time the problem of the origin of cosmic rays which in the essence 
is astrophysical could not be solved in principle. 

From the analysis of the nature of non-thermal radioemission and of the 
physical conditions of discrete sources followed a conclusion that only relati- 
vistic electrons moving in the magnetic fields can be responsible for their 
radiation [6]. Proceeding from the observed flux of radioemission of the Crab 
nebula, one of the most powerful galactic discrete sources, in [4] we evaluated 
the quantity of relativistic electrons enclosed therein and their energy. Pre- 
liminarily the average intensity of magnetic field of this nebula was estimated 
on the basis of the data obtained from the observation in the optical region 
of the spectrum. 

These calculations clearly showed that an explosion of a Supernova results 
in formation of a large number of relativistic particles (~ 105). Although for 
a number of objects radioastronomical observations allow to reveal only the 
electron component of cosmic rays, it is natural to consider that also nuclei 
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of very high energies should be available in these sources because it is difficult 
to imagine any accelerating mechanism which would influence only electrons. 

In [4] and [5] is was shown that taking into account the frequency of out- 
bursts of Supernovae in our Galaxy and the « duration of life » of cosmic rays 
in the interstellar medium, the quantity of relativistic particles actually formed 
during these outbursts is quite enough to provide the observed concentration 
of the primary cosmic rays. Thereby it was shown that Supernovae explosions 
may be the injectors of primary cosmic rays in our stellar system. Thus, 
radioastronomy not only solved the question of the localization of cosmic rays 
in the Galaxy, but also pointed to the objects where they are generated. As 
was especially emphasized in [4] and [5] radioastronomy made the science of 
the origin of cosmic rays a branch of observation astronomy, while previously 
the origin of cosmic rays was the field of more or less witty speculations. 

The further development of the radioastronomical theory of the origin of 
cosmic rays was given in the works published by V. L. GryzBure [7] and by 
his collaborators (see, for example, a detailed paper [8] and also paper [9] 
and [10]). In [8] and [9] it was explained in particular why no relativistie 
electrons were hitherto found in the composition of the primary cosmic rays. 

For a full recognition of the new theory of the origin of cosmic rays it was 
important to obtain an irrefutable proof of the fact that the nebulae resulting 
from Supernovae outbursts actually contain many relativistic electrons. Al- 
though radioastronomical data were very convincing, it was desirabel to give 
a proof based on more usual conceptions of optical astronomy in order to 
overcome certain conservatism and scepticism. 

Such proof appeared to be the new interpretation of the optical radiation 
of the Crab nebula with continuous spectrum proposed by us in the same 
1953 [11]. In [11] we revealed those insuperable difficulties which were then 
encountered by the usual in astrophysics interpretation of this radiation and 
showed that the superenergetic relativistic electrons (with the energy £ of 
101! to 1012 eV) can explain the observed radiation of the Crab nebula. Thereby 
it was shown that both optical (with continuous spectrum) and radioemission 
of this nebula are explained by the same mechanism: radiation of relativistic 
electron in magnetic fields. 

Proceeding from the new interpretation of Crab nebulas spectrum it was 
possible to predict that its optical radiation should by considerably polarized. 
The theoretically predicted polarization of Crab nebula’s optical radiation was 
for the first time revealed by DomBRovskIJ in 1954 [12]. Prof. OoRT, in 
co-operation with VALRAVEN made an important investigation of the pola- 
rization of this nebula [13]. At the same time BAADE, using the largest modern 
optical telescope, obtained splendid photographs of the Crab nebula with 
different orientation of the polaroids [13]. These photographs very convin- 
cingly prove that the light of separate details of the Crab nebula is almost 
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completely polarized. Such a high degree of polarization excludes the pos- 
sibility of explaining this effect by any other causes different from the « synchro- 
tronic mechanism». As a result of these investigations, the new theory of 
Crab nebula’s luminiscence was universally recognized also in the West. 

Alongside with other reliably established facts (for example, the discovery 
of the theoretically predicted phenomenon of polarization of the optical ra- 
diation of the remarkable « jet » in the central part of the radiogalaxy M 87 [14]) 
the phenomenon of polarization of the Crab nebula’s radiation serves as a 
firm foundation for the radioastronomical theory of the origin of cosmic rays. 

In this paper we shall consider two problems which seems to us to be 
significant for the theory. 

A short survey of the main statement of the radioastronomical theory of 
the origin of cosmic rays developed in the studies made by Soviet authors as 
well as the criticism of other theories are given in the paper by V. L. 
GINZBURG, 


2. — Spatial distribution of cosmic rays in the Galaxy. 


In 1952, analyzing the isophot curves of cosmic radioemission on different 
frequencies we arrives to a conclusion that the spatial distribution of radiation 
sources of the Galaxy is contious and that they form a gigantic spherical 
system, halo, which is comparatively little concentrated towards the galactic 
plane and towards the centre [15]. Soon 8. B. PIKEL'NER, analyzing the 
problem of cosmic ray retention in the Galaxy, came to a conclusion that the 
interstellar magnetic fields are connected not only with the interstellar gas 
clouds forming a « flat » system (as it was considered before) but are also loca- 
lized outside clods [16]. Since the density of the gas in the space between the 
clouds is considerably less than the clouds themselves, it followed from the 
condition 40V2 = (1/87)H?, that the velocity of turbulent movements of this 
very rarefied medium should be very large: of the order of 50 to 100 km s™. 
Therefore the intercloud rarefied gas the concomitant magnetic fields should 
rise very high from the galactic plane (~ 10000 parsec) thus forming a sphe- 
rical system. This system proved to be identical with the system of con- 
tinuously distributed sources of galactical radioemission [6]. 

Soon extensive halos were discovered in other Galaxies (for example, in 
M 31 whose properties are similar to those of our Galaxy). Thus, it was estab- 
lished that the distribution of relativistic electrons (and consequently, as is 
natural to suppose, of the relativistic particles) in our stellar system is unusual, 
quite different from the distribution of stars and nebulae. 

If existence of a gigantic, almost spherical, « corona », in which relativistic 
particles of our Galaxy are localizes, now scarcely will be disputed by anyone, 
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the question of physical conditions in which the interstellar gas is found in 
this corona still remains debatable. Meanwhile this question is very important 
for investigating the « conditions of existence » of the primary cosmic rays in 
the Galaxy. 

In 1956 SPIIZER tried to ground the conception that the concentration of 
this gas is very small (n > 5-10-4em~*); while the kinetic temperature is very 
high (~ 10%) [17]. 

Recently I and S. B. PIKEL'NER have come to another conclusion [18]. 
As a result of the analysis Usee the paper presented to the Conference on 
Cosmic Aeromechanics simultaneously held in Cambridge, U.S.A.) we succeeded 
in finding the main characteristics of the gaseous medium forming a halo. 
The intensity of magnetic field at the halo’s periphery (Z > 10000 parsec) 
proved to be H~3-10-*, while comparatively close to the galactic place 
(Z ~ 1000 parsec) it was H~6-10°G. The pressure of magnetic field and of 
cosmic rays in the halo’s upper layers (7 ~~ 10000 parsec) must be balanced 
by the weight of the layer lying above. Since the gravity potential of the 
Galaxy is known, the concentration of gas particles in the halo can be ac- 
counted. For the upper layers n 6-10-* em~’, and for the lower ones ~ 107? em3. 
Because of fast macroscopical motions (~ 100 km s-!) the gaseous medium 
forming the halo is strongly heated, though remains in the main unionized. 

These properties of the interstellar gas in the halo where cosmic rays are 
localized essentially influence their principal characteristics. 

The small density of the gas in the halo provides considerable « duration 
of existence » of the cosmic particles and, first of all, of the protons. According 
to existing data, each collision of a cosmic proton with the nucleus of an inter- 
stellar atom (mainly of hydrogen) result in that the former looses 20% of 
its energy. 

Assuming for the effective cross-section the « geometrical» value of 
4-10-26 em-?, we shall find that with n = 6-10-* em-* and the rate of cosmic 
proton movement V= c, such collisions will take place approximately once 
per 7 or 8-10° years. 

Hence it is possible to draw a conclusion that the main cosmic ray com- 
ponent relativistic protons, can remain in the Galaxy for a long time. We 
shall remind that, proceeding from the erroneous a priori conceptions on the 
properties of the interstellar medium in which cosmic rays travel, the initial 
version of the Fermi theory deduced very short «life priod » of relativistic 
protons: about 30 million years. Hence it followed that cosmic rays regene- 
rate very soon. 

Since our analysis shows that the life period of relativistic protons in the 
contemporary Galaxy is in any case comparable with and most probably exceeds 
the time of essential evolution of the Galaxy, the conception of « dynamical 
equilibrium » and « continuous regeneration » of cosmic rays looses a noticeable 
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part of its attract attraction. Thus, for example, one may not consider com- 
pletely excluded that considerable part of cosmic protons is of «relict » origin. 

The matter is quite different in the case of heavy nuclei found in the com- 
position of the primary cosmic rays. For them the effective cross-section of 
nuclear collisions is much larger. Taking the effective cross-sections for the 
collisions in conformity with existing data, we shall find the life period of 
cosmic «-particles is approximately 1.6-10° years, of the oxygen group nuclei 
6-10® years and of the heavy nuclei 3-10 years. 

Only existence of nuclei in the composition of the primary cosmic rays 
makes it possible to maintain the conception on continuous «regeneration » 
of cosmic rays (*). Still it is necessary to emphasize that considerable, if not 
major, part of the energy of the cosmic rays localized in the Galaxy was 
«stored » when the Galaxy’s characteristics essentially differed from the mo- 
dern ones. 

It should be noted that if the interstellar gas in the clouds forming a flat 
system is uniformly spread over the whole volume of the halo, the mean con- 
centration of this gas will be approximately 5-1073 cm~°. 

Hence it is evident that existence of denser clouds practically will not 
affect the above calculations of the «life periods », especially if one takes into 
account that these clouds in the Galaxy plane occupy only ~10% of the 
volume. 

The characteristics of the interstellar gas in the region where cosmic rays 
are localized make possible a rough extimation of the real significance of the 
parameter of the statistical mechanism of acceleration x = u?v/e?l. Assuming 
u~ 10? em 8-1, 1~ 3-102 cm, v=c, we shall find that a — 107! 871. 

Taking into account that Galaxy’s age hardly exceeds t, = 6-10° years = 
= 2-101!8 s the statistical mechanism by no means can provide acceleration 
of protons even to energies higher than 


Mc? exp [at,] ~ 10” eV. 


In reality the problem is much more complicated. As was already empha- 
sized above, the life period of relativistic protons in the « contemporary » 
Galaxy is larger than the period of its evolution. Therefore it is not excluded 
that several billion years ago conditions in the Galaxy were absolutely dif- 
ferent and acceleration of protons by the statical mechanism could be effected. 

It is necessary to bear in mind another possibility. At the earlier stage 
of Galaxy’s evolution the outbursts of Supernovae could not take place at all, 
because the star is likely to pass a long evolutionary way in order to explode 


(*) The significance of the nuclei for the problem in question wes pointed to us 
by B. L. GINZBURG. 


he “~S (a a 
(VE Cm 


426 I. 8. SKLOVSKIJ 


as a Supernova. In this connection we shall point that elliptic galaxies as 
well as Sa type spirals produce very insignificant radioemission (in contra- 
distination to Sb and Se spirals). This fact be compared with the possible 
evolution of our Galaxy. 

As far as the nuclei more heavy than protons are concerned, they are pro- 
bably not influenced by statistical mechanism of acceleration in the inter- 
stellat medium at all (see [8, 10]). 


3. — The origin of electrons in the composition of the primary cosmic rays. 


The cosmic electrons observed by radioastroonmical methods in the inter- 
stellar space can be «injected » as a result of supernovae outbursts. On the 
other hand, relativistic electrons and positrons can be formed in the process 
of collisions between cosmic protons and other heavy particles and nuclei of 
the interstellar atoms. This was indicated by V. L. GryzBurG [9, 10]. It is 
undoubtful that both these mechanisms of interstellar medium «replensh- 
ment » with relativistic electrons and positrons are in operation. It is niite- 
resting to clear up which of these mechanisms is more essential. 

Very important characteristics of the system of cosmic particles enclosed 
in our stellar system is the frequency integrated power of radioemission gene- 
rated by the Galaxy: 
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It is necessary to emphasize that at present we possess the necessary ob- 
servation data to make possible rather accurate determination of this value. 
Taking into account the spectrum of galactic radioemission and the spatial 
distribution of its sourees, it is possible to show that 


L=: 2.5" 10" erg 8-*, 


with a probable error of + 50%. 

On the other hand, knowing the absolute value of the density of cosmic 
ray energy in the sun’s neighbourhood (~ 2-10-12 erg cm-*) and the spatial 
distribution of the primary cosmic rays and interstellar gas (on the basis on 
the analysis of radioastronomical data) it is possible to find the power of the 
energy losses of the primary heavy cosmic particles caused by the collisions 
with the nuclei of the interstellar atoms. The calculations show that the energy 
losses of the heavy component of cosmic rays constitute approximately 
1.5 10% erg s-! in the clouds of the interstellar medium situated near the 
galactic plane, 0.3-10* erg s-1 in the region of the Galaxy’s nucleus and 


SOME PROBLEMS OF RADIOASTRONOMICAL THEORY OF THE ORIGIN OF COSMIC RAYS 427 


1-108° erg s-! in the halo’s volume. Altogether the power of energy losses of 
the heavy component in the whole Galaxy is 2.8-10%* erg s-!, the probable 
error being several tens of percent. 

On the basis of existing data it is possible to make a conclusion that about 
10 to 15% of the energy lost by the primary heavy particles in nuclear col- 
lisions should transfer to the electrons and positrons; this constitutes 3 or 
4108S ere 874, 

But this value, within the limits of calculation error (which cannot be very 
large) is in a very good agreement with the total power of the Galaxy’s non- 
thermal radioemission which is equal to the power of the energy losses of 
cosmic electrons. 

Thereby it was shown that collisions between heavy cosmic particles and 
nuclei of the interstellar gas are the main «injector » of cosmic electrons and 
therefore the direct cause of the major part of the Galaxy’s non-thermal 
radiation. 

It is undoubtful that certain part of relativistic electrons emitted into the 
interstellar space is given by the dissipating nebulae resulting from super- 
novae’s outbursts. But this part should be small. This is evident from the 
following consideration. As was shown by GETMANCEV [19] if the differential 
energy spectrum of the injected electrons has the form 

N (E )= sa 
where x> 1, it will assume the following form due to the energy losser for 
the «synchronic radiation » in the interstellar medium 


K, 


NAD) = rh 


Since the density of interstellar gas in the halo is small, the radiation and 
ionization losses of relativistic electrons will not affect their spectrum. 

If the differential energy spectrum of relativistic electrons is represented 
in the form of N(£) = K/E” the spectral distribution of the « synchrotronic » 
radiation will have the form (see, for example, [8]): 


I(v)av(1 — y) /2. 


From the analysis of the data of radioastronomical observations (see [20]) 
it follows that for the relativistic electrons found in the interstellar space 
y = 22.6. 

If the relativistic electrons were «injected » chiefly during supernovae’s 
outbursts, then according to (1) in the nebulae remaining after such explosions y 
would be equal to 1 +1.6. This would mean that the spectrum of radioactive ra- 
diation of the nebulae formed after supernovae outbursts would be Ty) cov", 
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i.e., very gentle. Meanwhile the spectra for the known galactic sources of 
non-thermal radioemission are considerably steeper. The whole body of the 
available information concerning the spectra of the discrete sources, remnants 
of supernovae outbursts, points to their great similarity with the spectrum 
of Galaxy’s non-thermal radioemission (*). 

Since this is so, these sources cannot be considered to be the main « injectors » 
of cosmic electrons. At the same time this shows that relativistic electrons 
in the sources, remainants of supernovae outbursts themselves are of the se- 
condary origin. 

The conditions under which relativistic electrons are formed in such se- 
condary processes may be very different for different sources. These condi- 
tions are essentially determined by the density of matter in the envelope formed 
during the supernovae’s outbursts, by the envelope mass, by the rate of ex- 
pansion and the epoch when the heavy cosmic particles are to accelerated. 
For example, although the latest observations do not confirms existence of 
radiation sources at the place of novae’s outbursts [21], it is not excluded 
that relativistic electrons because of small mass of their envelopes had no 
time to be formed in the secondary processes. At the same time in the case 
of such objects as the Crab nebula the conditions for forming relativistic 
electrons of very high energies (for example, those responsible for its optical 
radiation) were very favourable. 

Since the differential energy spectrum of heavy cosmic particles in the 
region of comparatively small energies has the form of N(E) x E>, then, if 
the initial energy of the secondary electrons (and positrons) was strictly pro- 
portional to the energy of heavy particles, the initial electron spectrum would 
be the same. Further on it would be «treated » by the magnetic field and 
would become N(#) cc E-*. In reality the spectrum is noticeably more gentle. 
This can be explained by the insignificant deviation from the proportionality 
between the energies of the primary and secondary particles. 
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On the Origin of Cosmic Rays. 


V. L. GINZBURG 


P. N. Lebedev Institute of Physics of the USSR Academy of Sciences - Moscow 


The theory of the origin of cosmic rays based, in the first place, on radio 
astronomical data was developed already in 1953 by the author, I. S. SKLOVSKIJ 
and others. At that time this theory was stated in detail in the paper [1] 
and then was several times mentioned in the reports sent to the International 
Conferences (see, for example, [2, 3]). Recently the author has considered 
this problem in a rather complete review, taking into account new data; this 
review was written for the Vol. 4 of the series Progress in Cosmic Ray Phy- 
sics (Amsterdam, 1957) (*). Therefore it seems not to be necessary to consider 
again this theory in the present report in detail. Below we shall give only a 
short resume in this respect, then well give a more detailed consideration of 
recent results, and finally dwell critically on the other theories on cosmic 
ray origin. 


1. — If one interprets the non-thermal cosmic radio emission (and, in some 
cases, the optical emission with a continuous spectrum) as being the emission 
of relativistic electrons moving in weak magnetic fields, one can receive some 
information about the cosmic ray electronic component in the Galaxy and 
beyond it. At the same time it becomes clear that cosmic (relativistic) electrons 
and consequently, most probably, all other relativistic particles fill the quasi- 
spherical volume with radius R ~ (3--5)-10*° cm. An equatorial plane of this 
system includes the stellar Galaxy (the Milky Way) surrounded by a galactic 
« corona » (halo), and the average gas density in the total system is n ~ (0.01 + 
0.1) em-* (see [5]). If one knows the spectrum and intensity of cosmic radio 


(*) This paper was sent to prof. J. WiLson in January, 1957. Simultaneously it 
was published in Russian [4]. The review of the radio astronomical theory of the 
c.r. origin is given, also, in the book of SKLOvSK1J [6], chap. V. 


la 
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emission, one can determine the electron spectrum in the Galaxy; the result is 


5-105 5-102 


(1) N©(E) = FE (eV)! em-; N© (E) fra (eV)-1 em-3, 


were version «b>» is in a closer agreement with the radio astronomical data [4, 6], 
but the previously used version «a » [1-3] also cannot yet be excluded. 

It should be noted that in determination of the spectra (1) it is assumed 
that the galactic corona includes chaotic magnetic fields having strength 
H~10- Oe, as it follows also from a number of independent considerations. 

It is evident from (1) that (for H > Hy, = 10° eV) 


(2) pre dE ~ (2.5 + 5.5)-1078 cm-*. 

£o 
This value does not contradict with the information about the primary electronic 
component near the Earth (according to the available data N,(H, > 10° eV) < 
<10-"cem-*). From (1) it follows further that the average energy density 
of cosmic electrons with E,>10%eV is w,~10-2eV/cm* and the total cor- 
responding energy in the Galaxy with the volume V ~ (47/3)R®~ 10° em? is 


(3) W.~ w,V ~ 105 erg. 
The total cosmic ray energy in the Galaxy is by two orders higher 


(4) Wav WV ~ 1056 erg i 

since the total concentration of cosmic ray particles near the Earth is 
N(E_->10° eV) ~ 1.5-10-1 cm™ and the density of their energy is w., 
—1eV/em?. The lifetime of protons 7, and electrons 7, in the Galaxy with 
average gas concentration n ~ 0.01+0.1 is (*) 


(5) TT. (4108 + 4-10) years ~ (1.2:101° + 1.2-1017) 8. 


From (3)-(5) it is clear that in the time unit the following energy is to be 
transferred to relativistic electrons and protons in the Galaxy in a steady 


(*) Grounds, more precise definitions and, also, an analysis of other possibilities in 
this case as well as in others, see in [4]. The possibility of using the nuclear life time 
for protons and nuclei (for the case 7, ~ 4: 108 years) is also founded there by an esti- 
mate of the number of particles leaving the Galaxy. 

If n ~ 0.01, the time 7, is close to the life time of the Galaxy. However, this fact 
as can be shown, does not contradict with our conclusions [4]. 
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state (*) 

} Last Wer (108 = 105) erg/s 
(6) U.~ n= 1088 erg/s , Un > Tr” ( - ) erg/s. 


The power U,, probably, may be transferred to the electronic component as 
a result of cosmic ray proton nuclear collisions. But the known accuracy of 
all the values does not permit to take this possibility for an undeniable fact. 

Thus, it is permissable to assume that the secondary electrons and protons 
formed as a result of nuclear collisions and a subsequent 7 —u —e decay 
carry away only ~ 1/10 of the total electronic component energy (for electrons 
with E> (1+3)-10% eV). The residual energy is, in this case, to be supplied 
by the primary sources which seems, perhaps, to be more probable (**). 

As for the main part of the power U,,, transferring to cosmic rays, this 
power is to be supplied by the primary sources including (in the theory of 
Fermi-type) the moving interstellar gas cloud. 

Consideration of the energy requirements given in (6) is absolutely neces- 
sary for any cosmic ray theory since it is not easy to satisfy them. Thus, the 
average power transferring to cosmic rays from the Sun is 102!--10?? erg/s 
and therefore even 1011 the sun-like stars will give only 103210? erg/s what 
is by 6-8 orders less than it is necessary. In the theories of the interstellar 
cosmic ray acceleration the main part of the energy is taken from the kinetic 
energy of gas clouds, but also in this case injectors (stars) must give about 
10-* part of the total energy. Obviously, under such conditions the intensity 
of cosmic rays emitted by stars must be by 3—5 orders higher than from 101! 
sun-like stars. However, this assumption is far going as the Galaxy consists 
only of ~ 10" stars and there is no reason to take most of them as being 
more active than the Sun. If some peculiar stars are cosmic ray sources 
their number should be less than the total number of stars, and thus, the said 
difficulty cannot decrease. 

The energy difficulties are absent if one basing on the radio astronomical 
data assumes that cosmic rays are formed as a result of the outbursts of super- 
novae and, probably, novae stars [1-4, 6]. The estimates based on the infor- 


(*) Above, 7°, is the life time of electrons relative to radiative losses (y-quantum 
emission under collisions). Radiative losses due to the acceleration in magnetic fields 
are, at 7, — 4-105 years, of the same order of magnitude. That is why there is accepted 
the value U, — 1088 obtained also from the data on radio emission spectrum [4]. 

(**) In his report I. S. SKLOVSKIJ gives an additional argument for the statement 
that most of electrons have the secondary origin (the question is about the similarity 
between the spectra of discrete sources and the spectrum of the general galactic radio 
emission). This argument, however, is not free from objections, but here it seems to 
be impossible to dwell on them (see [4]). 
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mation about the spectrum and intensities of radio emission (*) show that 
the energy from 10%? to 3 10% erg/s can be transferred to electrons as a result 
of the nova and supernova outbursts. The energy being even M/m = 1 836 
times larger can be transferred to protons and nuclei (see below) and there- 
fore there is no problen to keep energy balance in such a scheme. 

The main thing is however that relativistic particle generation in the en- 
velopes of supernovae is a real fact, not only a hypothesis (+). 

As we are basing on the observation data showing the acceleration efficiency 
as a result of the supernova outbursts the question of the mechanism and 
character of this acceleration, becomes an independent and, in some sense, 
less essential problem. Therefore we only point out that the statistical acce- 
leration mechanism of Fermi-type can be especially effective in the envelopes 
of supernovae and novae stars, since the velocity of the gas mass movement is 
high in these regions and the effective free path length is there relatively short. 

Under statistical accelciation the energy transferred to a particle is pro- 
portional to its rest mass and thus protons gain the energy M/m = 1836 times 
larger than electrons do. We have already hinted at this fact above; and 
it permits to assume that the Crab nebula contains now many protons with 
the energy (1014 101°) eV, since there are electrons with E ~ (1011+ 1012) eV in 
this nebula (this follows directly from the observation data [6]). From here 
and from other estimates [1-4, 7] it is easy to conclude that due to the super- 
nova outbursts protons and, especially, nuclei can probably gain the highest 
energy ~ (10!8--10!°) eV otbained in cosmic rays. 

At the same time there is no difficulty in assuming that the observed cosmic 
ray energy spectrum is an averaged one (averaging is made on millions of 
outbursts). 

Thus, the state of affairs with the problem of the acceleration of particles 
in the envelopes of supernovae and novae seems to be favourable. Undoubtedly, 
however, a number of questions concerning the very star outbursts and the 
acceleration of particles on different stages of an envelope formation and se- 
paration remain obscure and need further investigation (see in this connec- 
tion [7, 8]). 


2. — Apart from the requirements concerning energy spectrum and total 
energy of cosmic rays it is necessary to dwell on their charge spectrum and 
simultaneously, isotropy in space. Within the theory mentioned in Sect. 1 this 


(*) In the case of the Crab nebula (Supernova of 1054 A.D.) one can use also the 
spectrum of continuous optical radiation. 

(+) At present, when the predicted (see, in particular, [1]) polarization of radiation 
is discovered and, simultaneously, the radio emission of a number of discrete sources is 
investigated more completely, the magnetic bremsstrahlung origin of this radiation 
results obvious beyond any doubt. 
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was done in [4, 9] on the basis of the equation system, 


T 


ON; N, 
T, 


N, 
(7) o V(DiVN;) du = 2 Pij 


ee 
Here N, is the concentration of i-nuclei; D; and 7’, are diffusion coefficient and 
lifetime of these nuclei, respectively; p,; is the probability of formation 
of i-nuclei under disintegration of j-fast nucleus as a result of a nuclear col- 
lision in the interstellar medium; and q; is a quantity of i-nuclei, formed in 
sources (normalized to the units of volume and time). 

Supernovae and novae are concentrated in the galactic plane and, con- 
sequently, only there gq; #0. At the same time particle diffusion takes place 
through all the galactic corona and 


Dee A 3:1037 cm?/years , 
since v~ 10° cm/s and J < 3-10?° cm. One can assume also that T, = (2 +6): 
-10’ years and T,:T,:Tx=3:2:1, where T,, T, and Ty, are the life 
times of L (Li, Be, B), M (C, N, O, F) and H (Z > 10) nuclei respectively. Using 
all these values and the coefficients p,; accepted in literature the solution of the 
system (7) leads to the following conclusion. The composition of the primary 
cosmic rays near the Earth is the same as in reality, if contents of M and 
H nuclei in sources is only by several times higher than on the average in the 
Universe (it is so if one accepts that the acceleration efficiency for protons. 
and nuclei is approximately the same). Simultaneously the quantity of 
Li, Be and B near the Earth when they are absent in sources, cannot be sub- 
stantially less than 0.1 as compared to the quantity of M nuclei. This conclusion 
is compatible even with the results of the paper [10], according to which the 
ratio of concentrations of L and M nuclei is N,/N,, < 0.1. If we take into con- 
sideration the new data [11] according to which N,/N,,~0.3—1, the expla- 
nation of the observed cosmic ray composition becomes possible even using 
the value D < 1087 em?/year and, in general without any difficulties. This is 
true in spite of using the life time T, ~ 4-108 years or even by 2-4 times higher 
value (this is an essential distinction our model from the model accepted 
in, [12))). 
For the cosmic rays anisotropy we have 


AF 4D |dN/dr| 


(8) È ip Cc N 


where = jvN = jeN is a cosmic ray flux in some direction, AF is a dif- 
ference of fluxes in opposite directions, and for simplicity, the fast particle 
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concentration N is considered to be dependent only on the radius r (the origin 
of the co-ordinates is placed in the centre of the Galaxy). Evaluating 6 on 
the basis of solution of the equation (7) and neglecting the reflection of par- 
ticles from the galactic boundary, in the simpliest case we have 


4D/1 
(9) su I, rs ord , N=jienl-rlvom: 
Hence, when D ~ 10* cm?/s = 3-103" cm?/year, 7 = 2.5-10?? cm (the solar sys- 
tem’s distance from the galactic centre) and T= 7, — 4-105 years, ie., for 
protons, 6,~ 6-10-*. For H nuclei when T= T, = 2-10’, 6,~ 10°’. 

Under the pratically total reflection of particles from the galactic boundaries, 
which is probable, the value 6 decreases and for protons ò, > 6-10-4. The possi- 
bility of lowering the used value of D by several itmes and some other argu- 
ments show that there is no difficulty to get the values [13, 14] 6 < 10-* for 
the energy E < 10% eV and dò < 10-? for E < 10% eV accepted in literature. 

Summarizing we can say that the theory of cosmic ray origin discussed 
here is able to explain all the known facts and, as far as it is known, does not 
meet at present with any difficulties. 

This conclusion, however, cannot be a rigorous proof of the theory, since 
there are alternative possibilities, and, on the other hand, the accuracy of a 
number of estimates is relatively low and some points need more precise esti- 
mates and verification. The latter point and, especially, the aims of exper- 
iment are discussed in the end of the paper [4]. Since in the first place, the 
question is about the obvious necessity of having more precise data on the cosmic 
ray composition and energy spectrum through all the energy interval, we shall 
mention here only the great importance of finding electrons and positrons in 
the primary component near the Earth. 

As the same time it seems to be necessary to dwell here on the theories 
of the cosmic ray origin different from the theory accepted by us in order to 
compare them (for more details see [4]). 


3. — In favour of the solar cosmic ray origin theories two arguments are 
advanced. The first of them, the energetical argument (a small quantity of 
‘the cosmic ray energy), does not seem to be serious. Suffice it to say that 
the cosmic ray energy density W,~1eV/cm® is of the same order as the 
interstellar gas energy density and magnetic field energy density: therefore 
it cannot be considered as an anomalously large one. Therefore the only 
argument in favour of the solar cosmic ray origin is essentially the fact of par- 
ticle generation with the energy E < (10° = 101°) eV, during the solar outbursts. 

At the same time a number of strong arguments speak against this theories. 
The radio astronomical data undoubtedly show that the whole Galaxy contains 
cosmic rays, not only the solar system region with radius r ~ (1016 +1018) cm. 
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Further the permissible field in this region H — 10-4-1075 cannot hold par- 
ticles with the energy E > (3:10!4--3-10!) eV. At the same time in order to 
keep in balance the number of cosmic ray particles generated on the sun, 
decreasing as a result of collisions and leaving the system, it is necessary to 
provide practically absolute particle «insulation» in the above-mentioned 
region. If such an insulation is altogether possible what has not been proved (*) 
it needs at any rate some absolutely specific conditions; and there is no in- 
dependent reason to assume that these conditions take place. Finally, since 
it is impossible to keep the particles of a very high energy near the solar system, 
and may be the Sun does not produce such particles at all, it becomes neces- 
sary to consider the high energy particles (E > £,) to be of non-solar origin, 
but. for example, of galactic one. Such a scheme is complicated by itself. Be- 
sides in such model it is strange that there is no «knee» in the cosmic ray 
spectrum at H~ E, (for E, one may select various values from 10” to, e.g., 
1014 eV). 

All above-stated proves that at present the assumption about the solar 
origin of the main part of cosmic rays is, in our opinion, out of criticism. 

The hypothesis of the cosmic ray metagalactic origin also encounters 
serious objections. The energy arguments, radio astronomical data (the con- 
centration of cosmic electrons rapidly decreases beyond the galactic boun- 
daries) and consideration of particle entrance and outcome conditions in the 
presence of galactic magnetic fields speak against this hypothesis. At this time 
there is no convincing reason also for the assumption [13] concerning the me- 
tagalactic origin of only a part of cosmic rays with a relatively higher energy 
E>10! eV. The arguments in favour of such a theory, given in ref. [13] are 
connected with isotropy and cosmic ray composition; but if we take into 
consideration the discussion of Sect. 2, these arguments become absolutely 
unfounded. Absence of « knee » in the cosmic ray spectrum and non-efficiency 
of the intergalactic acceleration already mentioned in ref. [13], is also against 
such a hypothesis (**). 

As for the galactic theories of cosmic ray origin, they differ both in respect 
of accepted cosmic ray space distribution, and in respect of sources and 
mechanism of cosmic ray acceleration. It seems to be unnecessary to dwell 
on the first difference, since the quasi-spherical cosmic ray distribution fol- 


(*) The question is that generally speaking the particles must leave the region even 
with closed lines of a magnetic field (it is connected with the drift due to the magnetic 
field inhomo genity). 

(**) The exit of the particles with energy E = 10! eV from the Galaxy can be 
essential due to existence of the drift in the inhomogeneous magnetic fields (see [4]). 
In this connection it may be necessary to admit that cosmic rays with # oe 1016 eV 


still have metagalactical origin and, for example, are generated in peculiar radiogalaxies 
of Virgo and Cygnus type. 
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lowing from the radioastronomical and astrophysical data [1-6] became, 
apparently, generally accepted. 

As for the cosmic ray sources, the assumption about the purely stellar 
acceleration is connected with great difficulties (see Sect. 1). Moreover, this 
assumption is highly arbitrary and vague because of absence of any elaborate 
theory of stellar accelerators taking into account the high conductivity and 
mobility of stellar atmospheres. 

Energy difficulties are reduced in the combined model where stars are used 
only as injectors, and the main acceleration takes place in the interstellar 
medium [12, 15-18]. 

However, as it has been indicated in Sect. 1, in this case injectors also 
must supply a very high energy. Further, to produce similar proton and 
nucleus energy spectra it is necessary to assume that the life time of particles 
in the accelerating region depends on the particle leakage from this region. 
This life time 7 must therefore be less than the nuclear life time for heavy 
nuclei: hence 7< 10’ years and, according to [12], T=4-10° years. For 
producing the necessary spectrum, « should be ~ 10-14 s—!, where « is a co- 
efficient in the law of energy change d#/dt=«#H. But from the astrophysical 
data it follows that in the Galaxy as a whole a~10-"7+10-. The same low 
value of x one can obtain using the results of the radio astronomical obser- 
vations, since, under high values of « electrons must be accelerated and cannot 
have spectrum (1). Moreover, for the quasi-spherical Galaxy, a high value 
of x is incompatible with a short leakage time 7 — 4-10° years (see [4, 19)). 
Therefore, in the theory of interstellar acceleration it is necessary to assume 
that the acceleration takes place only near the galactic plane in the arms of 
the galactic spiral or in its separate regions, with especially « favourable » 
conditions. In such a version (see, for example, [16-18]) the difficulties, con- 
nected with a high energy output of hypothetical injectors, only increase (in 
connection with the decrease of star number). Moreover, analogous new dif- 
ficulties take place due to the necessity to renew completely the kinetic energy 
of gas masses in the arms for (10°~107) years. To provide such a high energy 
supply is very difficult (see [1 7}). Finally, the whole theory is, strictly speaking, 
purely hypothetical: the theory does not point at the injectors and mecha- 
nism of their operation, at the concrete regions of the interstellar acceleration 
and the reasons for high efficiency of this acceleration. A very important 
question of energy balance is also actually neglected. 

For all these reasons, as it seems to us, the discussed models of interstellar 
acceleration cannot be compared with the theory discussed in Sect. 1 and 2. 
At the same time the similarity of this last theory with the model of inter- 
stellar acceleration in the galactic spiral and, especially, in some of its regions 
is evident. In both cases the distribution of sources is the same and the par- 
ticle energy and charge spectra are determined by sources or by relatively 
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small interstellar regions, where acceleration takes place. Probably, the acce- 
leration mechanism is also in both cases the same. 

However, the radical difference is that we consider the cosmic ray sources 
to be quite concrete objects (supernovae and novae envelopes) and base this 
conclusion on the radio astronomical observations. At the same time in the 
interstellar acceleration scheme it is not only necessary to use some similar 
views but also to make additional substantial and yet groundless assumptions. 

In this connection a continuous and rather great transformation of the 
interstellar acceleration theories seems to be not accidental. At the same 
time it is easy to see that the theory of the cosmic ray origin presented in 
Sect. 1, 2 has not changed substantially from the very beginning of its de- 
velopment in 1953 (see, for example, [1]). 

We should like to note in conclusion that a certain combined model is 
possible where supernovae and novae are injectors, but acceleration takes 
also place in the interstellar space. In such a model all the difficulties con- 
nected with injection vanish. But the problem of the energy supply to the 
interstellar media is unsolved as before. However, the main objection is that 
in such a scheme the assumption about the high interstellar acceleration effi- 
ciency is unfounded and, essentially, purely hypothetical and problematical. 
Therefore, it seems to us that at present there is no reason for such a model 
with two-staged acceleration. It is especially true since assumption of 
cosmic ray acceleration due only to supernovae and novae outbursts is, as it 
has been mentioned above, permissible and sufficient for the explanation of all 
the known facts. 
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At present it appears to be proved that both Crab nebula’s radio and optical 
emission (the latter with continuous spectrum) are caused by relativistic 
electrons that move in magnetic fields [1, 2]. Since it is so, we have to re- 
cognize with the fact that this nebula, a remnant of Supernova’s outburst 
in 1954, contains a great number of relativistic particles, i.e. primary cosmic 
rays. Indeed, both remnants of Supernova’s explosions in 1572 and 1604 are 
the sources of radioemission [3, 4]. Recently it was found that the network 
nebulae in Cygnus, undoubtful remnant of Supernova’s explosion which took 
place several thousand years ago [5] are also the sources of radioemissions. 
According to [6], average concentration of relativistic electrons in the Crab 
nebula with the energy £ > 10° eV is equal to 3-107? em73. The concentration 
of relativistic protons may be expected to be of the same order. When, owing 
to the Crab nebula expansion, its radius will be ~ 5 parsec, the concentration of 
relativistic particles will be —3-107° cm, ie. still approximately 30 times 
larger than the concentration of the primary cosmic rays in the Earth’s neigh- 
bourhood. 

Such a comparatively «old» nebula which resulted from a Supernova’s 
outburst is the I C 443, whose linear dimensions are 7 to 10 parsec and the 
concentration of the relativistic particles 50 to 100 times larger than in the 
Earth's neighbourhood. 

A question arises whether the Sun with all its surrounding planets, moving 
in the Galaxy could get into such regions of the interstellar space where the 
density of the primary cosmic rays is tens or even hundreds times larger than 
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now. We may answer this question affirmatively. This took place when the 
Supernovae exploded in the immediate proximity of the Sun. 

Till recent time the frequency of outbursts of the Supernovae in the Galaxy 
was determined from the average data on other Galaxies. In [6] it was shown 
that it is not so and that the frequency of these outbursts is at least one order 
higher. In this respect our Galaxy is similar to those of NGC 3184, 6946 
and 4321 in which the frequency of Supernovae outbursts is abnormally 
large. Indeed during the last millennium at least 5 explosions of Supernovae 
(1006, 1054, 1572, 1604 and 1843) took place in our Galaxy, the last Nova 
being the Carina (see [7]). They all were very bright; consequently the distance 
to them did not exceed 2 to 2.5 thousand parsec, especially if one takes into 
account the interstellar light absorption. Hence a conclusion may be drawn 
that approximately each 1000 years a Supernova explodes at a distance not 
more than 1000 parsec. Assuming that the Supernovae form in the Galaxy 
a very flat system — 100 parsec thick, we shall find that for example each 
200 million years a Supernova explodes at a distance less than 8 parsec. This 
means that during the period of the Earth’s existence the stars in the Sun’s 
neighbourhood outburst several times (~ 10) as Supernovae. 

What phenomena could take place in such an extraordinary event? The 
brightness of the flashed star hardly exceeded — 20”, i.e. the flux of radiation 
from the star was several thousand times less than from the Sun. It is not 
excluded however that the flux of hard, say, X-ray radiation from the star 
and from the nebula at the earliest stages of its development could essentially 
exceed the flux of hard radiation from the Sun. This could involve serious 
consequences (see below). Expanding at a rate of ~ 10% cm s~' the gaseous 
envelope resulting from the Supernova’s outburst will pass through the Solar 
System. Taking into account, however, insignificant gas density of this en- 
velope (~ 10-22 g cm-*), this will scarcely involve any consequences. 

It is very essential that in such epochs during several thousand years the 
flux of cosmic radiation at the Earth will exceed several tens of times the mean 
level. It is also necessary to take into account that the distribution of rela- 
tivistic particles of the expanding nebula, a remnant of Supernova’s outburst, 
will be strongly non uniform. Thus, there may exist periods of many hun- 
dred years when the flux of primary cosmic rays on the Earth will be hundred 
times larger than now. This question is very important, therefore we shall 
consider it more thoroughly. 

Let the volume in which outbursts of Supernovae in the Galaxy take place 
be V. Taking into account that Supernovae form a very flat system, V will 
be ~ 10° em?, Let us designate through v the volume of a nebula resulting 
from a supernova outburst in which the density of cosmic ray energy is n times 
larger than e, mean density of cosmic ray energy in the proximity of the 
galactie plane. Then the average period of time between the Sun’s runs through 
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these regions, in which the density of cosmic ray energy is n times higher than 
the average one, will be 


FS = = = — Vene, 
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where v is the frequency of Supernova outbursts in our Galaxy, L the average 
energy of cosmic rays formed during the explosion of one Supernova. But 
the product »-Z is nothing more but the power of cosmic ray injectors. This 
value is obtained from the analysis of the conditions of cosmic ray existence 
in the Galaxy and is independent of the taken values of v and L. 

According to existing data (see the paper by one of the co-authors), 
y-L—~ 3-10 erg 8. 

Assuming ¢=1eV cm-?=1.6-10-! erg cm-* we shall find that 
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If, for example, n= 20, 1=3-10® years. 

It is not excluded that a considerable increase in cosmic ray intensity may 
involve serious biological and first of all genetical consequences. Till recent 
time it was considered that evolution of living beings on the Earth is deter- 
mined by influence of natural selection and of various physical conditions of 
the environments. But at the same time account was never taken of such 
important factor as the total level of hard radiation. By virtue of the stated 
above we must recognize that the latter factor at certain stages of evolution 
could have important if not decisive significance. 

According to existing data (see, for example, [8]), radioactivity in the lower 
layers of the Earth's atmosphere caused by cosmic rays is now 0.04r per 
year, i.e., about one third of the total level of natural radiation. The genetical 
significance of hard radiation is known to be now the subject of intensive 
investigation. Although much in this important problem is for the time being 
not clear enough, the principal conclusions may be summarized as follows. 

Even a twofold increase in frequency of mutations as compared with the 
natural level can involve serious genetical consequences for certain species. 

In a number of cases doubling of mutation frequency in the species with 
a short cycle of propagation will require a hundreds and thousands times 
increases in intensity of cosmic radiation. But doubling of mutation frequency 
in long-living species requires only a 3 to 10 times increase in intensity of 
cosmic radiation. 

Hence it follows that a long increase in intensity of cosmic rays lasting 
for millennia can involve catastrophic consequences for many long-living 
specialized animal species with comparatively small population. It is pos-. 
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sible, for example, to suggest a hypothesis that the so called « great dieing 
out » of reptiles at the end of the Cretaceous period was caused by this factor. 

On the other hand, for other animal and plant species a considerable in- 
crease in intensity of cosmic rays may prove to be the factor that favours 
their further evolution. It is not excluded, for example, that the magnificent 
prosperity of vegetation in the Carbonic period was to a considerable extent 
due to the increase in the level of hard radiation. 

Paying attention to the biological and genetical consequences of the con- 
siderable increase in intensity of cosmic radiation in certain periods of the 
Earth’s hystory, we should note that this factor could once stimulate the 
formation from simple organic compounds of complicated complexes out of 
which life could develop on the Earth. 
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By now Fermi’s mechanism [1-3] for the acceleration of cosmic rays by 
the random motions of magnetic fields embedded in gas clouds is so well known 
that there is no need to outline here its general principles. Many different 
modifications have been proposed and it does seem worth while to examine 
some of them. When this is done as quantitatively as possible, in each case 
serious difficulties are found. Nevertheless it still seems likely that when the 
origin of cosmic rays is finally understood, it will turn out that some variant 
of the Fermi mechanism is involved. 

The region in which the mechanism operates may be the atmosphere of 
a star, it may be a supernova, it may be the spiral arm of our galaxy as Fermi 
assumed in his second detailed discussion [2], it may be the H II regions where 
the motions of the gas clouds originate, it may be the halo of our galaxy, or 
it may be a cluster of galaxies. I shall consider mainly the spiral arm case 
and leave the other cases to other speakers on the progran. Of course many 
features of the discussion will apply in any case if one makes a suitable change 
of scale. It is customary to isolate a number of features of the Fermi mecha- 
nism for separate discussion under such sub-titles as injection, storage, 
removal processes, isotropy, and acceleration mechanisms. I shall devote 
most of my attention to the acceleration mechanisms, but shall start with 
brief comments on the other topics. 

The part of the acceleration that carries ions from thermal energies to 
the order of 107 or 10% eV per nucleon must occur quite rapidly and is called 
injection. (If the same process continuous to 10!%eV or beyond, it is called 
primary acceleration.) It is believed that the sun emits particles of somewhat 
lower energy than 10%eV quite copiously and at least occasionally it is observed 
to emit particles with energies of the order of 10!° eV. Accordingly it is 
plausible to suggest that injection is due to processes, quite possibly small 


AN EXAMINATION OF THE FERMI MECHANISM 445 


scale Fermi processes of the type suggested by GINZBURG [4] and TELLER [5], 
in turbulent magnetic regions in the upper atmospheres of stars. However, 
the observed relative excess of heavy ions in cosmic rays poses a difficulty. 
If the injection process turns out to favor heavy ions, perhaps for reasons 
similar to those suggested by BIERMANN [6], CRAWFORD [7], and many others, 
all is explained. Otherwise it will be necessary to suppose that injection takes 
place from supernovae or from those stars where element building has pro- 
duced a relative excess of heavy elements. 

The discrepancy between the Jow rate at which any accelerating mecha- 
nism seems able to feed energy into cosmic rays and the large observed energy 
density forces us to assume that cosmic rays are stored by magnetic fields. 
It is now rather generally accepted that the spiral arms of the galaxy are 
occupied by fields of the order of 10-5 G and it is plausible that the spherical 
halo of radius about 50000 light years that surrounds the disk is occupied by 
a field of perhaps 10-*G. Since a 3-10! eV proton has a radius of curvature 
of 1 light year in a 10-°G field, there is no difficulty with storage except at 
energies above about 10! eV. FERMI originally [1] assumed that the mag- 
netic field in the galactic disk was chaotic, but it now seems more likely that 
in the spiral arms the field runs along the arm [8]. Superposed on this ap- 
proximately uniform field are hydromagnetic waves of moderate amplitude. 
It is possible that the sun lies just outside a spiral arm or in some kind of a 
rift where it is immersed in the chaotic magnetic field of the halo, but it seems 
better to assume that the sun lies in a spiral arm where the field is roughly 
uniform. 

Hither model of the field explains the observed fact that cosmic rays are 
much more isotropic than is starlight. But the observed very high degree 
of isotropy often tends to strain any detailed theory that one may work out. 
It is now clear that below 10!2+101%eV there is no problem. The material 
ejected from the sun disturbs the magnetic field in the solar system and in 
any of a number of models [9-12] the resulting non-uniform field should render 
the low energy cosmic rays isotropic at the top of the atmosphere. The high 
energy primaries detected by extensive air showers are a different matter 
and should give information about magnetic fields in an extensive region of 
the galaxy. It should be a profitable test of any proposed structure of the 
galactic magnetic field or any theory of the origin of cosmic rays to investigate 
the predicted degree of isotropy of extensive air showers. 

A very important and much quoted paper of MORRISON, OLBERT and 
Rosst [13] analyzes the degree of isotropy expected with a rather peculiar model 
of the magnetic field. They assume that the field occurs in isolated knots 
separated by nearly field-free space where the cosmic rays travel in nearly 
straigth lines. Thus the theory of isotropic diffusion by a simple random 
walk is easily applied. But there seems no reason to expect the magnetic 
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field to be confined to the hot ionized regions; even the so-called unionized 
regions have enough conductivity to maintain large scale magnetic fields for 
many times the age of the universe. If the energy density in turbulent gas 
motion exceeds that in the magnetic field, a very chaotic field will result of 
the kind considered by FERMI in his first model [1]. This field fills the galactic 
disk. Cosmic rays of ordinary energy, whose trajectories have radii of cur- 
vature of the order of 10-* light year, may be expected to spiral around a 
single line of force, running back and forth along it wherever it goes. Thus 
the basic question is whether on a large scale the magnetic field lines describe 
a random walk. They may appear to do so on a small but not on a large scale 
if, for example, the lines of force never leave the galactic disk. This would 
correspond to perfect reflection at the boundaries. Any tendency toward a 
large scale structure of the magnetic field as demanded by the observed po- 
larization of starlight will drastically affect the conclusions of MORRISON et al. 
Nevertheless, if suitably modified, their analysis may be applied to the case 
in which the field is roughly uniform along the spiral arm. The motion normal 
to the magnetic field is compounded of a drift of the helical trajectory normal 
to the gradient of the magnetic field and of a random wlak due to abrupt scat- 
terings. The drift velocity does not carry a particle out of the spiral arm. 
The scattering displaces the helix by only a small fraction of the radius of 
curvature in a random direction. Thus, except at the very highest energies, 
the escape time normal to the field is easily shown to be large compared to 
the time for a nuclear collision. Thus the only diffusion to be considered is 
that along the spiral arm, and one has essentially a one-dimensional problem. 
MORRISON, OLBERT and Rossi treat this problem when they consider diffusion 
in a disk of thickness 2% and radius R,. It is only necessary to let R, go to 
infinity and to take 2h to be the length of the spiral arm. Since the scatterings 
now seem more likely to be through small than through large angles, one must 
include a high degree of « persistence of velocity » in the statistical analysis. 
Finally, the interactions that change the energy and those that change the 
direction are not identical; this makes the diffusion in position nearly inde- 
pendent of that in energy. 

The basic mechanism by which isotropy is maintained in an approximately 
uniform galactic field is by encounters with inhomogeneities in the magnetic 
field. These may be hydromagnetic shock waves as suggested by FERMI, 
short ordinary hydromagnetic waves, or the disturbed regions around stars 
as suggested by FAN. The connection between the anisotropy and the expe- 
rimentally observable siderial time variation of cosmic rays was discussed in 
a paper of mine [8] about three years ago. The general mathematical treatment 
still seems valid, but the detailed numerical values have mostly either been 
superseded or, in the case of the Pic du Midi results, were copied incorrectly 
due to my confusing the symbols for percent and per mill. Also the conjecture 
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that the betatron acceleration process will lead to an excess flux normal to 
the field has proved to be incorrect; and hence all conclusions reached in that 
paper must be reconsidered. This cannot be done properly until convincing 
experimental data on the anisotropy are obtained. 

In order to explain the energy spectrum of cosmic rays, FERMI supposed 
that cosmic ray particles were removed from the population we observe with 
a probability that is independent of their energy once their velocity approaches 
that of light. He first assumed that this result is accomplished by nuclear 
collisions, but this was made dubious by the abundance of heavy nuclei in 
cosmic rays. Several authors [2, 13] have suggested that diffusion out of the 
storage field would meet this difficulty, and there may be other possibilities. 

We now come to the principal problem with the Fermi mechanism, the 
processes that increase the energy of the cosmic rays. As FERMI pointed out, 
the fact that the magnetic field may be regarded as imbedded in moving gas 
clouds means that in effect the cosmic rays collide with these clouds and tend 
to gain energy. The basic result is that «, the exponent in the integral energy 
spectrum, is given by 


t 
S “7 Gul), * 
where w is the total energy, including rest energy, of the particle, Aw is the 
increase in energy per collision, <Aw/w>,, is the mean fractional increase, 
averaging over both losses and gains, ¢, is the mean time between interactions, 
and t is the mean time for removal from the population we observe. For a 
simple model with a chaotic magnetic field and a turbulent gas 


(2) <Aw/w>., i (0/0)? , 


where v, is the relative velocity of neighboring gas clouds. It was soon rea- 
lized [14, 13] that astronomically plausible values of ¥,, 7, and t, led to a value 
of « that was incorrect by about two orders of magnitude. Accordingly, many 
efforts have been made to find a modification of the Fermi mechanism that 
would be more efficient. The simplest modification is to look for regions where 
(v,/c) is larger than 3-10-°, the value that corresponds to the v, = 10 km/s 
characteristic of our region of the galaxy. Many authors have tried to find 
terms in <Aw/w),, that are of first order in (0,/c). Obviously, if any process 
does this, it does not have to occur frequently to explain the observed «. 
Before considering such processes a digression is necessary. 

Even if interactions in which the cosmic ray loses energy are as likely as 
those in which it gains, so that <Aw/w>,, =0, some cosmic rays by chance 
will experience more than their share of collisions of one type and the observed 
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energy spectrum will result. One has a diffusion or random walk in energy 

ci * + r mo p x 4 
that has been discussed by DAvis [15, 16], by KAPLAN [17], and by CRAW 
FORD [7]. The resulting value of « is of order 
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Since with the interactions considered by FERMI 
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and since « is of order unity, (3) and (4) seem to lead to essentially the same 
result as (1) and (2). Nonetheless, a real increase in efficiency has been un- 
covered because one can consider a variety of additional processes. One such 
process that is so appealing that is has been independently discovered by 
almost everyone is the «betatron » acceleration and deceleration that takes 
place as the particle in its spiraling along the field comes to a region where 
the field strength is increasing or decreasing with time. With this mechanism 
it seems possible to devise simple models [15, 16] for the acceleration of cosmic 
rays from the injection energy up to somewhere above 10! eV by means of 
hydormagnetic waves running along the spiral arm of the galaxy. The models 
are not in as obvious disagreement with astronomical and cosmic ray evidence 
as Fermi’s first model turned out to be; but there is enough difficulty so that 
some will undoubtedly reject them, and everyone would be glad if a model 
could be found for which a correspondingly detailed treatment revealed fewer 
difficulties. 

One major difficulty with very high energy particles is apparent. The 
time, t,, required for an interaction with the field cannot be less than the time 
required for the field to deflect the particle through, say a radian. This is 
3.5 years for a 10!6 eV proton in a 10-5G field. Thus t, tends to increase 
and 7, the time to diffuse out of the field, to decrease with increasing energy 
and radius of curvature. It is difficult to see why Aw/w should increase, and 
hence it is very hard indeed to see why « should remain constant above about 
10! eV. Up to about this point there should not be too much difficulty. 
In any model this difficulty appears when the radius of curvature becomes 
comparable with the scale of the inhomogeneities in the magnetic field. 

The betatron acceleration has one feature, first called to my attention by 
Dr. ScHLUTER, that is not always fully appreciated. In a region where the 
magnetic field is uniform in space but is increasing in time, a charged particle 
describes a helix that gets continuously flatter as the energy is increased. The 
longitudinal Fermi collisions, it will be recalled, make the helices get steeper 
when the energy is increased. It seems plausible then that the combination 
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of the Fermi longitudinal collisions and the betatron accelerations would tend 
to preserve an isotropic distribution and would keep the particles in flat helices 
where the longitudinal collisions could continue to add energy. Nothing could 
be farther from the truth. For consider the adiabatic invariant of the mo- 
tion [18, 19] 


(5) (w? — m?c*) sin? 6/B, =I, 


where m is the rest mass and may be disregarded for our high energy particles, 
0 is the pitch of the helix, and B, is the axial component of the magnetic field. 
The adiabatic invariant J will be a constant as long as the field changes slowly 
in time compared to the Larmor period and slowly in space compared to the 
radius of curvature. Now (5) holds both for the Fermi longitudinal collisions 
and for the betatron process. Hence if we measure the helix angle after the 
process is over and the particle has come to a standard region where the mag- 
netic field has a standard value, the change in helix angle depends only on 
the change in energy and not on which process produced the change. 

Let us now apply this result to some of the processes that may seem to 
lead to energy increases that are of first order in v,/e. One such example is 
Fermi’s [2] system of traps, which has been elaborated by FAN [20]. If hydro- 
magnetic waves that change the field strength run along an approximately 
uniform field, cosmic rays in flat helices will be trapped between adjacent 
maxima in the field strength. If these maxima move together particles will 
make only head-on collisions with the gas clouds from which they are reflected 
and they will gain energy; if the maxima are moving apart, the trapped par- 
ticles will lose energy. FERMI and later FAN argued that the former situation 
predominated. But a particle enters or leaves such a trap only when 0 is 
essentially 90° at a maximum in B. For if 0 is less the particle will just con- 
tinue on through both jaws of the trap; while if 6 becomes 90° before reaching 
the maximum, the particle is not near a state where it can enter or leave. 
If we assume that B has the same value at all maxima, the maximum energy 
of each particle is proportional to the square root of its value of I. As long 
as I remains constant, the energy will fluctuate a bit in the traps but there 
will be no net change. If it starts to increase, the particle will escape from 
the trap and the only possible further energy change will be a decrease in an 
expanding trap. There are two ways to avoid this result. FERMI pointed out 
that the scattering from small scale inhomogeneities would flatten the spiral 
of an accelerated particle. But in order to get an acceleration it is necessary 
to find a systematic effect that would lead to a consistent increase in I. If 
the scatterings change 0 at random, they lead to a random walk in I and 
hence in energy. FAN has suggested on the basis of a complicated treatment 
of the motion of a charged particle in a magnetic field that there is a tendency 
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for particles to prefer to stay in traps whose jaws are coming together rather 
than in traps whose jaws are separating. But one sees immediately from (5) 
that this is possible only if the field maxima are larger at the edges of traps 
whose jaws come together. There seems to be no reason to expect this, 
especially since the maximum that are important form part of two traps, an 
accelerating trap on one side and a decelerating trap on the other. 

Another way of getting a first order effect with hydromagnetic waves run- 
ning along a uniform galactic field has been proposed by THOMPSON [21]. 
He supposes that one starts with an isotropic distribution of cosmic rays and 
then allows a wave to change the field strength by a substantial fraction of 
its original value. This is done adiabatically with no small scale scatterings ; 
hence J remains constant for each particle and the distribution becomes quite 
anisotropic. Next, while the energy remains constant, small scale scatterings 
restore the isotropy. Then the field returns to its original value adiabatically, 
and finally scattering again restores the isotropy. I get, correcting an error 
in Thompson’s analysis, a net change in average energy due to this process of 


(6) <Aw/w>,, = (4/45)(AB/B)? — (4/45)(AB/B)® + ..., 


where AB is the change in the field strength. The difficulty with this procedure 
is that if there is no scattering to restore isotropy half way through the process, 
there is no energy change. If scattering maintains isotropy during the field 
change, again there is not net energy change. Unless the field changes come 
in isolated sharp steps separated by long intervals during which isotropy slowly 
returns, it is hard to see how this mechanism could avoid being much less 
efficient than the maximum value given by (6). 

If one is looking for first order effects, my own preference is to try to 
devise some mechanism using damped hydromagnetic waves, an idea sug- 
gested to me but I think later discarded by PARKER[22]. It is well known [23, 24] 
that the shorter waves are strongly damped. They must, then, originate at 
discrete centers and propagate outward for a few wavelengths before they 
die out. Cosmic rays either will go clear through the source if traveling in a 
steep helix or will be reflected by a wave they meet head-on if traveling in a 
flat helix. Thus all energy changes are increases with (Aw/w) ~ 10-4 since 
the wave velocity should be of order 30 km/s or 10-4c. The problem with 
this mechanism is to find enough sources of hydromagnetic waves. If 7 in (1) 
is 4-10° years, then ¢, must be about 600 years. It now seems very probable 
that the sun disturbs the galactic magnetic field in its vicinity [9-11] and it 
is reasonable to suppose that all stars produce similar effects. But what is 
required is one. star per 30 cubic light years generating waves that extend 
out of the order of 4 light year with enough amplitude to reflect a substantial 
fraction of the cosmic rays; and this seems improbable. Stars such as Bab- 
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cock’s magnetic stars or the hot O and B stars that are thought to stir up 
most of the non-rotational motion of the galactic gas would send out hydro- 
magnetic waves to much greater distances, but all such stars are entirely 
too rare. 

Finally, I shall summarize the thesis research of Dr. T. W. Layton [19] 
at the California Institute. By means of a diffusion equation, he treats the 
distribution in energy, position, and direction of motion of an ensemble of 
cosmic rays moving in an approximately uniform galactic magnetic field per- 
turbed by a random spectrum of hydromagnetic waves. It is a considerable 
improvement over the earlier treatment of the subject [16]. 

First, he considers the motion of a charged particle in a slowly changing 
magnetic field. He obtains Eq. (5) above, which may be regarded as stating 
that the angular momentum of the particle about the axis of its helix is an 
adiabatic invariant. As independent variables he uses 
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in place of w, the total energy, and 0, the angle between velocity and the 
magnetic field. Under the circumstances in which (5) applies, 
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where B, is the axial magnetic field, d/dt denotes a rate of change following 
the motion of the particle, and 0/0t denotes a rate of change at a fixed point 
in the inertial frame of reference. These relations are doubtless not essentially 
new, but his form is convenient. 

Next, Dr. LAytTon defines W(w, e, <, t)dudedz to be the number of par- 
ticles at the time ¢ in the indicated interval of 4, e and 2, which is distance 
along the magnetic field. In the usual way he deduces the diffusion equation 
for cosmic rays in this space, 
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The term in Q at the extreme right-hand side of this equation represents the 
injection of cosmic ray particles; it is later taken to be zero except at low 
energies. The term — W/r represents the losses due to nuclear interactions. 
The block of terms multiplied by ny0} give the effect of inhomogeneities that 
are small compared to the helix radius. They are assumed to deflect the 
trajectory through a small angle whose root-mean-square value is o, and whose 
plane is random, there being n, deflections per unit time. It is this interaction 
that tends to restore isotropy. The remaining terms on the right give the 
effect of a statistical distribution of hydromagnetic waves whose scale is very 
large compared to the radius of curvature of the trajectories. Only a single 
yell size normal to the field is assumed, but this should not greatly affect the 
result. The various diffusion coefficients are calculated with the aid of (8) 
and (9), and in the highly relativistic case are 


| DA Ki de le 0) 
| È pe | | i 
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where AK characterizes the distribution of hydromagnetic waves and is pro- 
portional to the square of the gas velocity. For example, for a particular 
spectrum in which all waves have a wavelenght of a light years perpendicular 
to the magnetic field and have a distribution of wavelengths parallel to the 
field such that d is the mean wavelength and 2bò the width of the wavelength 
spectrum at half maximum 


(12) K = 2n<(v,/¢)®),, bò/a?. 


Terms representing ionization losses have been omitted from (10) since the 
main interets is at very high energies, but they could be included easily if 
desired. 

All the information of interest is obtainable by solving (10) in various 
cases. Dr. LAy;cn has considered certain steady state solutions. First he 
investigated the «ircumstances in which the diffusion along z could be treated 
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approximately in terms of a mean time 7, to diffuse to the end of the spiral 
amd and the assumption that well within the arm the density is essentially 
independent of e. The nuclear interactions can be disregarded and 7 in (10) 
replaced by t,, the terms in 0/02 being set equal to 0. For this case he 
obtained the distribution in energy and in angle by a combination of ana- 
lytical and high-speed digital computer manipulations. The result is that the 
density in energy, w, and angle as given by w is 


(13) n(w, u)dwdu = Af(u)w + dwdu, 


where A is a constant and f(u) is a function that depends on the parameter 7 
defined below as shown by Fig. 1 [19]. This form holds for energies much 
greater than the injection energy and at positions several diffusion lengths 
from the end of the spiral arm. An isotropic distribution would be one in 
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Fig. 1. - The angular distribution function f(u) for « = 1.7 and four values of 4. 


which f(u) was a constant. We see that the distributions tend to be nearly 
isotropic except near “= 0 (velocity perpendicular to the magnetic field) and 
that it is always predicted that there is a marked deficit of particles in very 
flat helices. This is the result of the efficient betatron acceleration of these 
particles to higher energy and steeper helices. The parameter of importance is 


(14) A= nM05/4K . 


It measures the ratio of the scattering by very short waves to the acceleration 
by very long waves. To get the observed isotropy it appears that 2 must 
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probably be about 104. The parameters cannot all be chosen independently ; 
each solution provides a possible set. Dr. LAytTon has tabulated a number 
of these sets; one that seems as satisfactory as any is 


x = 1.7, exponent in energy spectrum, 
A = 104, ratio of scattering to accelertaion, 


T 


» = 410° years, time to diffuse out of spiral arm, 


n.o, = 24 milliradians? yr-1 = 0.08 deg? yr~’, scattering parameter, 
DT, = 1.5-10% light years, length of spiral arm, 


K = 6-10-" years, acceleration parameter. 


By Eq. (12) this value of K is consistent with wavelengths of 2 light years 
in each direction, a half-width factor 6=0.5, and a root-mean-squares gas 
velocity of 6 km/s. Thus a set of parameters can be chosen that gives the 
required exponent in the energy spectrum, leads to relatively little anisotropy, 
and does not require excessive velocities in the gas. The value of 7, chosen 
is perhaps slightly less than that required to explain the most commonly re- 
ported values of the abundances of Li, Be, and B, but even so, it is long 
enough that « for the heavier elements will be perhaps 20% larger than for 
protons. 

Further exploration of this model will be necessary to see whether or not 
this modification of the Fermi mechanism will account for the cosmie rays 
of energy up to 10'%eV and perhaps considerably higher. Probably the most 
important subject for further work is the nature of the hydromagnetic waves 
in the spiral arm of the galaxy. This mechanism requires enough very short 
waves to produce isotropy and enough waves whose length is of the order 
of a few light years to produce the acceleration; and it appears that careful 
theoretical work will be required to establish whether or not such waves with 
the required amplitudes are possible. This model would lead one to expect 
that the exponent in the energy spectrum would increase at and above 
energies where the helix radius becomes comparable with the wavelength of 
the accelerating waves. One would also expect first a noticeable anisotropy 
and then a high energy cut-off to set in as the helix radius becomes comparable 
with that of the spiral arm. It is to be hoped that observations will soon 
provide definitive information on these points although the possible large 
contribution at high energies of low rigidity heavy ions complicates the problem 
considerably. 

The total power required for injection at, say, 10%eV is uncomfortably 
large and further investigation is needed to learn just what is required and to 
see if suitable mechanisms can be found. On the other hand, the energy 
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balance of the acceleration of cosmic rays from the injection energy to much 
higher energy is one of the most satisfactory features of the above model. 
The power that must be supplied to the cosmic rays, of order 102° erg cm? 871, 
is of the same order as that which must be supplied to maintain the irregular 
gas motions against viscous losses, and both are of the order of the expected 
power supply to irregular gas motion by the very hot O and B stars [25-27]. 
This power supply must be present to maintain the observed irregular gas 
motion against viscosity and hence must be available to supply the irregular 
motions with the energy needed to accelerate cosmic rays. This also enables 
one to explain the at-first-sight surprising result that « is about 1.5 to 2 whereas 
on the basis of equation (1) or (3) there seems to be no reason why the value 
of the various parameters such as ¢, and t would lead to this result within one 
or two orders of magnitude. But a smaller value of « is clearly impossible 
because then the power that would have to be supplied to cosmic rays becomes 
much too large. With a larger value of «, corresponding to relatively little 
acceleration, the power supply to cosmic rays becomes very small and cosmic 
rays do not damp the irregular gas motions. These motions would then grow 
until held in check by the energy drain to cosmic rays. This condition might 
be expected to be reached when « has about the observed value and when the 
energy density in cosmic rays is comparable to the kinetic energy density of 
the irregular gas motions. Regardless of other considerations, the fact that 
the energy density in cosmic rays is comparable to the kinetic energy density 
of the gas seems to argue that the acceleration of cosmic rays must play an 
important part in the energy balance of galactic motion. 
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1. — If cosmic radiations are not the energetic particles «left over » from the 
creation of the universe itself, and if they are not produced by a violent process 
such as the explosion of super-novae, then the problem of the origin can be 
subdivided into three parts: a) the acceleration of charged particles from thermal 
energy to, say, 10% eV; b) the subsequent acceleration from 10” eV to an energy, 
say, 10! eV, at which the Larmor radii of the particles in the galactic magnetic 
field become comparable to the size of the galaxy; c) and the acceleration of 
cosmic ray particles of higher energies. 

The first acceleration can take place in the neighbourhood of stars, though 
the actual mechanism is still quite unknown. One of the outstanding evidences 
is the solar flare of February 23, 1956, when the cosmic ray intensity was 
increased by a factor of one hundred fifty and particles of energy up to 3-10" eV 
were detected. The acceleration of particles of energy higher than 10! eV 
has to take place in the inter-galactic space or in some other galaxies [1], since 
these particles can no longer be confined in our own system. The acceleration 
of cosmic radiation of energies from 10” to 10! eV (the main component) is 
the subject of discussion of this paper. 


2. — It seems to be clear now that the main component is not a local pro- 
duction of the solar system. The strongest evidence against the idea of solar 
origin is perhaps the effect found by ForBusH [2] who observed the increase 
of cosmic ray intensity during the last period of minimum solar activity. It 
is just the opposite as expected if it were accelerated locally. An intergalactic 
origin implies that the cosmic radiations are the preponderant energy of the 
universe. The serious problem is then the lack of a mechanism which can 
turn a good fraction of the dynamic energy in the inter-galactic space into 
cosmic-ray energy. A galactic generation, which permits a greater range in 
assumed variables and more reasonable assumptions, is thus more hopeful. 
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3. — The fundamental work on the galactic origin of cosmic radiations was 
done by FERMI in 1949 [3]. The basis of his theory can be expressed in the 
following assumptions. 1) The cosmic-ray particles are accelerated in the 
galaxy. 2) A cosmic-ray particle, regardless of its charge, gains its energy 
at the rate 


(1) ae a 


where w is the energy of the particle, including the rest mass, and A, is the 
time scale of the acceleration. 3) The cosmic-ray particles are eliminated at 
a rate governed by the statistical law, 


dt t 
(2) pit) di = exp (- n \ 


On these assumptions, the power law, 


readily follows. 


The details of his first version were later modified by FERMI himsefl [4] 
and by others [5-8]. In these modified theories, much importance was at- 
tached to the similarity of the energy spectra of the heavy nuclear component 
and the proton component. Indeed, if the mass spectrum of the primary 
cosmic radiations remains unchanged up to energies of 1014 eV/nucleon, then 
the time scale of the acceleration must not be longer than the mean life of a 
heavy cosmic-ray nucleus as determined by nuclear collisions with interstellar 
particles. This is of the order of a few million years. The purpose of the mo- 
difications was to make Fermi’s mechanism meet the demand of the efficiency 
implied by the short time scale. 


4, — While the mechanism of acceleration is still a topic of discussion, the 
close connection of the origin of cosmic radiation and the non-thermal radio 
emission of the galaxy was soon realized [9, 10]. It can be shown that a 
mechanism which is efficient enough to accelerate cosmic ray particles within 
a few million years will also be efficient enough to accelerate electrons to a 
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sufficient energy to produce the non-thermal radio emission when they are 
spiraling along the galactic magnetic fields. Furthermore, as we will see, the 
spectra of the radio emission of radio sources can be explained within the 
framework of Fermi’s theory of cosmic radiations [9]. This fact may be con- 
sidered as lending support to the galactic origin of cosmic radiations. 


5. — The general equation describing the rate of energy gain of a cosmic-ray 
electron differs in several respects from Eq. (1), because energy losses, which 
can be neglected in considering the energy spectra of cosmic-ray ions, must 
now be taken into account; namely, the energy loss by synchrotron radiation, 
the energy loss due to bremsstrahlung, and the energy loss due to inelastic 
collisions with interstellar particles. Let — k?w?, —2a,w, and — kè be res- 
pectively these energy losses. Then the rate of energy gain of a cosmic electron 
will be in the following form: 


7 dw 
(5) Su 


— 2a,w — 20,0 — kw — ki = 2aw — Kew? — ke 


where 2a, = 1/45; «=(%— %), and k, a, and k, are regarded as constants. 


Let 
(6) b = (a? — ke)! 
and 
(7) w, = (a — b)/k*, and Wy, = (a +bD)/k 


be the two roots of the quadratic expression in w on the right-hand side of 
Eq. (5). A simple integration of Eq. (5) yields 

W—W;, Wyo— W 
(8) ee xp | 20tl, 


Won UW Win Wo 


w, is thus the injection energy and w,, the high energy cut-off. 

Now let us assume that the cosmic electrons are eilminated from the region 
where they are accelerated according to the statistical law given by Eq. (2). 
Then the energy spectrum of cosmic ray electrons with w, as a parameter is 
readily found to be 


(9) dw om (Wm — Wy)? (w = wW0;)t1 ’ 


where 
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The complete energy spectrum cannot be determined without a knowledge 
of the spectrum of initial energies. However, if we assume that the initial 
energy spectrum has a negligible amount of electrons of energy higher than 
w.(> w;), then the energy spectrum for w > w, will be quite accurately given 
given by 


dn. (Wy —w)s-1 
oe dw — °° (0 — wy? 
where J, is a constant. 

In evaluating the values of w;, w,, and s, we make the following assum- 
ptions. The time scale of acceleration, 1/2«,, equals to the life time of a heavy 
cosmic-ray nucleus as determined by nuclear collisions with interstellar par- 
ticles (mean free path ~ 10g), and 1/2«,B equals to 1.4, the same as in the 
spectrum of cosmic-ray protons. Then, in a medium of density of one proton 
per cm? and a magnetic field of 10-5 G, we have 2«,=5-10-15/s, 2x,=7-10-16/8, 
ky = 4:10-” erg/s, and k? = 2.4-10-! (erg s)-1. Consequently, 


[ w, =0.94-10-4 erg = 0.06 GeV, 


| Wy = Lo s10-Verg alt Gey, 
(11) i 
and 


With Eq. (10) as the energy spectrum of the cosmic-ray electrons and the 
given set of constants, the power of the radio emission in a frequency band 
Av at a frequency v can be shown as 


(12) P(vy)~rv Ar, 


for v in 20+1000 Mc/s. The observed spectrum of the general radio emission 
of the galaxy is »* with x between 0.5 to 0.8. 


6. — In discussing the acceleration of cosmic ray particles within the frame 
work of Fermi’s theory, one is confronted with three major problems besides 
an efficient mechanism of acceleration, namely an injection mechanism, a 
process of producing isotropic distribution of the cosmic-ray particles, and 
a process of eliminating the particles. 

Consider a cosmic-ray particle of momentum p, mass m, and charge e, 
spiraling around the lines of force of the galactic magnetic field H. The radius 
of the spiral orbit the particle describes is 


(13) r = pe sin 0/eH 
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and the time required for describing one complete loop is 


(14) T = 2nme/eH . 
If 
(15) |r-VH|< H 
and 
D les OH 
(16) Mi 
GR <H, 


then the motion of the particle can be described by the approximate constancy 
of its angular momentum about the magnetic field H [11]: 


(17) M =" sin*0/Hec. 


where £ stands for pe. 


Eq. (17) implies that any ultimate increase of the energy of the particle 
will result in the decrease, of sin 0, making the flux of cosmic-ray particles 
anisotropic. This contradicts one of the fundamental properties of cosmic 
radiations. Therefore, a scattering mechanism which can change the angle of 
pitch to an isotropic distribution is a necessary requirement for any theory 
of galactic origin of cosmic radiations [7]. 

An injection mechanism is required for feeding into interstellar space a 
sufficient number of electrons and ions of energy high enough for subsequent 
acceleration. A process which is equally effective in eliminating ions as well 
as electrons insures a similar power-low spectra. 

Recent advances made in solar physics and solar component of cosmic 
radiations seem to indicate two things: 1) a normal star such as the sun can 
eject particles of energies up to a few billion electron volts, and 2), the dis- 
turbance in the planetary medium produced by the solar corpuscular radiation 
can efficiently scatter cosmic-ray particles. These facts lead one to suggest 
that cosmic-ray particles are originally ejected from stars or particular types 
of stars, and the isotropy is a result of the scattering by the disturbance in 
the interstellar magnetic field primarily produced by stellar corpuscular ra- 
diations. 

To the process of eliminating cosmic-ray particles, Morrison et al. [5] 
and FERMI [4] independently suggested that cosmic-ray particles are diffusing 
out of the galaxy and thus B would be the same for all components of cosmic 
radiations. This assumption can be slightly generalized by saying that the 
cosmic-ray particles are eliminated by leakage from the region or regions where 
acceleration is operating. The advantate of the modified assumption is that 
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there may be in the galaxy only a few regions where the physical condition 
is suitable for the acceleration of cosmic radiations. 


7. — In Fermi’s original theory or its modified versions, it is always assumed 
that cosmic-ray particles gain their energy through the interactions with inter- 
stellar magnetic clouds. In a non-uniform magnetic field, a cosmic ray par- 
ticle, when spiraling around the lines of force, can have the longitudinal com- 
ponent of its momentum vector reversed when it encounters a magnetic cloud. 
Fermi showed that the energy change in each reversal is 


(18) (Aw) , = (2B cos 0) + 2B2)w/(1 — B?), 


where 0, is the angle of pitch of the particle before collision, and B, the velo- 
city of the cloud in units of the velocity of light. After Eq. (18) is averaged 
over both of the positive and negative values of B, one has thus only the 
second order term in B left. If t is the frequency of collisions per unit time, 
the average rate of energy gain is then of the order of 4B?7w. It was then 
found that the rate can hardly meet the required efficiency when a plausible 
set of values of B and 7 are inserted in the expression [12]. Therefore a mecha- 
nism of acceleration of higher efficiency is in demand. 

It was first suggested by DAVIS that cosmic radiations can also be acce- 
lerated in the galaxy by the inductive action of varying magnetic field [13]. 
We shall show that, under a suitable condition, the interplay of Fermi’s me- 
chanism of acceleration and the inductive action can accelerate cosmic-ray 
particles at an efficiency to the first order of B [14]. It is thus suggested that 
cosmic radiations are primarily accelerated by such a mechanism in some 
favorable regions in our galaxy. The distribution of the regions are indicated 
by the non-thermal radio emission. 


8. - Let us assume that there is a region in the interstellar space occupied by 
matter at extremely low density and constantly stirred by moving clouds of 
higher densities. The size of the clouds is of the order of 10--100 psc. The 
magnetic field in the medium is expected to be higher in the clouds than that 
in the low density regions. Let us further assume that when two clouds move 
towards each other, the magnetic field in the clouds is amplified at the rate of 


(19) Do = @Heb LT, 


where q is a constant and L is the linear separation between the two clouds. 
Eq. (19) also implies that when the two clouds are moving away from each 
other, (B< 0), the magnet'c field will decrease accordingly. 
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Under the foregoing assumptions, a cosmic-ray particle, spiraling around 
the general magnetic field H,, will be trapped between the clouds if the angle 
of pitch 6, is greater than y = sin (H,/H,,)' where H,, is the maximum in- 
tensity of the magnetic field in the clouds. The particle will be accelerated 
or deaccelerated by both Fermi’s mechanism and the inductive action accord- 
ing to B>0 or <0. 

For a positive value of B, the energy gain by Fermi’s mechanism, is 


(20) (Aw),= 2B cos Ow , 

to the first order of B. In this mechanism, the time variation of the magnetic 
field is neglected. Thus, the quantity H? sin? 0, is constant according to 
Eq. (17), and so an energy gain results in a decrease of 0: 


(21) — (A0,), = w(Aw) , tg 0,/#? 


On the other hand, in a varying magnetic field given by Eq. (19), the 
particle will also gain energy by induction of the following amount: 


(22) afro 


in one whole course of encounter with one of the clouds. In contrast to Fermis’ 
mechanism of acceleration, the energy gain by induction results in an increase 
01505; 


(23) (A9), = (AE), cot 0)/E . 


Thus the net variation of the angle of pitch 0, in one whole course of encounter 
can be positive or negative depending upon whether |(40,),| is greater or smaller 
than |(A0)5|- 

After (1/H)0H/ct being replaced by qeB/L, and dt, by dx/c cos 0, the net 
variation of the angle of pitch 0,, A@ = (40), + (A), becomes: 


ali cos 4, sin? Saro 
TA sin? 6, ‘cos 0 


where the integration is effected over the total distance traverse by the par- 
ticle in thé whole course of encounter. 


(24) Ad, = 2B (7) sin 0, 
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The function G(0), where 


(25) 4(0,) = 4 (=) (E Oy sin? Oa. 


w sin? 0, cos 0 


has the following properties: 


IT 
(5) a 


(26) | se os >0, 


d(— 0) 


G(x) > qh? /4w? , 


since we have assumed that 0H/cx > 0 when w is measured along H from a 
point, say, the middle point between the two clouds and that [do =L when 
6) = 4 =sin- (H,/H,,)?. Therefore, if q>4, there alway exists an angle 6. 
in (y, 2/2) so that 


(27) G(0)>,=, or <1 according to 0, is <, =, or >@, 


respectively. 

For smaller values of 9g, the existence of the angle 0, will depend more on 
the characteristics of 047/0x. 

The physical significance of the existence of 0, can be easily seen from 
Eqs. (24) and (27). When a cosmic-ray particle is trapped in a closing « jaw », 
(B> 0), an energy gain results in a decrease or an increase of 6, according to 
whether 0, is in (0,, 7/2) or (x, 0,). Therefore, all the particles with their pitch 
angles greater than y will stay in the trap for the acceleration. On the other 
hand, when a cosmic-ray particles is trapped in a receding «jaw», (B < 0), 
an energy loss results in an increase or a decrease of 9, according to whether 
O, is in (0,, 2/2) or (y, 0.). Therefore, all the particles with their pitch angles 
less than 6, will be able to escape from the trap of de-acceleration. The stable 
range in 0, in a closing trap is thus over that in a receding trap by (x, 9,). The 
following is the consequence. 

At the equilibrium angle 0,, a relativistic particle gains energy of the 
amount 


dw _ 


(28) an = 2Bw sec 6, , 


GALACTIC ORIGIN OF COSMIC RADIATIONS 465 


per encounter. Let aL be the initial distance between the two clouds when 
the particles are trapped. It can be shown that the energy of the particle 
when the distance is a/Z will be approximately a/a’ times of its initial energy. 
Accordingly, a particle gains energy at a higher rate than it loses energy. 
The rate of the energy gain will reach its peak when two clouds begin to collide. 

Two colliding clouds can never pass each other because the collisional cross- 
section of an atom at thermal energy is 10-!em? at the least. Thus sharp 
spatial variations in magnetic fields are likely to be produced by the collision, 
so that the cosmic-ray particle will leave the trap to start another cycle of 
acceleration or de-acceleration with its angle of pitch at a random orientation. 
But since a closing trap is more stable than a receding one, an ultimate acce- 
eration is more likely expected. 
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Observations of large extensive air showers, according to present inter- 
pretation, indicate the existence of primary cosmic rays of energy approaching 
10" eV [1, 2]. It is difficult to see how particles of this energy can be confined 
to the Galaxy long enough to be accelerated. Accordingly it is of interest to 
examine the alternative hypothesis that cosmic rays escape rather easily from 
the Galaxy, and diffuse from galaxy to galaxy throughout the universe. The 
cosmic rays which have escaped from our galaxy will then contribute to the 
particle flux in distant regions, and conversely the loss of particles from our 
own galaxy may be partially or completely balanced by an incoming flux of 
particles which have escaped from other galaxies. A calculation presented 
below shows that the returning flux is considerable. The existence of cosmic 
rays in other galaxies with fluxes comparable to our own is inferred from 
observations of galactic radio emission [3-6]. 

On this picture a particle can travel from galaxy to galaxy undergoing some 
acceleration in each, and eventually reach a very high energy which is not 
limited by considerations of storage time in a particular galaxy. 

While an acceleration process in intergalactic space is not excluded, we 
assume here that the particles are accelerated only while they are in galaxies, 
as proposed, for example, in the model of Morrison, Olbert and Rossi [7]. 
On this picture there is a constant probability for a particle to escape from 
the galaxy, independent of particle energy, implying that the energy spectrum 
of the escaping particles is the same as the energy spectrum of particles within 
the galaxy. 


1. — Ratio of incoming to emitted flux. 


We now calculate the ratio between the flux of particles escaping from 
our galaxy and the flux of incoming particles which reach us from other gal- 
axies. We assume for simplicity that all galaxies are identical, and all contain 
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and emit cosmic rays with the same intensity and the same integral power 
law spectrum, EY. To find the incoming flux one then integrates over the 
whole of space, making proper allowance for the Doppler shift of the spectrum 
from distant galaxies due to the expansion of the universe. In order to do 
this one must adopt some theory of cosmology, but the results do not depend 
sensitively on our choice. The calculations have been made using the steady 
state theory [8], which implies an exponentially expanding space, "=, exp [t/t], 
with t=5.4-10° years to fit the astronomical data [9]. 

The effect of the Doppler shift is to reduce the intensity of the particle 
flux from a receding galaxy, but the spectrum is still a power law with the 
same value of the exponent y. The integration over all space then gives 
(incoming flux)/(emitted flux) = nAct/(y +4) = 0.7, where n=number of ga- 
laxies per unit volume = 10-"® (l.y.)-*, A= projected area of a galaxy= ar? = 
= 2(5-104)? (ley.)?, and c= velocity of light. The galaxies are assumed sphe- 
rical with radius 5-104 Ly. 

The result shows that there are enough galaxies per unit volume to pro- 
vide a returning flux comparable to the escaping flux. As far as cosmic rays 
are concerned therefore, the universe looks like an almost totally reflecting 
enclosure. In view of the uncertainties in the astronomical data, particularly 
as to conditions at great distances which strongly influence the calculation, 
it is possible that the enclosure is more perfect than indicated by our result, 
and possibly the returning flux exactly balances the escaping flux. We now 
examine the consequences of such a hypothesis. 


2. — The power-law spectrum. 


In cosmic ray acceleration theories derived from that of FERMI [10], there 
is an exponential gain of energy with time, time-constant 4, and ‘this is ba- 
lanced by an exponential loss of particles with time, time-constant t,, to give 
the power law spectrum with y=t,/t,. The loss mechanism postulated by 
MORRISON, OLBERT and Rossi is escape from the galaxy by a diffusion process. 
We postulate here that this loss is completely balanced, but now the expon- 
ential expansion of the universe itself provides a loss mechanism of exactly 
the right mathematical form with characteristic loss time t,= 1/3. 

The acceleration required to balance this loss must have t, =y7/3 to give 
the correct spectrum. But by itself the expansion would naturally produce 
a deceleration with characteristic time t. Allowing for this the acceleration 
mechanism itself must be more rapid and we require t, = yt/(3 +y) =2-10? 
years. 

This is the acceleration time averaged over the history of a typical particle. 
If the acceleration process is confined to galaxies it must be more rapid by 
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the ratio of the time spent in galaxies to the total time. To estimate this we 
assume that the particles travel at random after leaving a galaxy, and that 
there is no special mechanism tending to trap them in a galaxy. The ratio 
required is then (volume of galaxies)/(volume of space) = 5-10-°. Therefore 
the characteristic time of the acceleration process in the galaxies = 5-10~° x 
x 2-10° = 100000 years. 

This figure represents a more rapid acceleration than at present envisaged 
in Fermi acceleration mechanisms, but it can hardly be excluded as impos- 
sible, particularly in the turbulent regions of the galactic corona. The figure 
is, of course, that for the acceleration time in an average galaxy, and it is pos- 
sible that our galaxy is below average as far as gas turbulence is concerned. 

Anything that increases the ratio of time spent in galaxies to total 
time will imply a slower acceleration mechanism. This ratio will not 
be affected significant by a short mean free path for scattering in the galaxy [11], 
or by a magnetic trapping mechanism, (which would be as effective in keeping 
some particles out as in trapping the favoured few), but it will be increased 
if particles are guided from galaxy to galaxy along lines of magnetic field or 
by bridges of intergalactic gas. This would be equivalent to an increase in 
the number of galaxies per unit volume of the universe accessible to cosmic 
rays, and would therefore also increase the ratio of incoming to emitted flux 
and improve the totally reflecting box effect suggested above. 

But for a guidance mechanism from galaxy to galaxy to be effective, the 
leakage time for escape to «non-accessible » regions of the universe between 
galaxies would have to be long compard with 2-10° years. This would appear 
improbable, and it seems therefore that the simple volume ratio used above 
will give a correct estimate of the fraction of time spent in galaxies. 


3. — Further remarks. 


To obtain a roughly constant value of the exponent y in the power law 
spectrum it is attractive to suppose that the expansion of the universe controls 
the loss of particles throughout the whole energy range. This would imply 
a characteristic time less than 100000 years for diffusion of particles out of 
the galaxy. It will remain true, as in the theory of Morrison, Olbert and 
Rossi, that the lower energy cosmic rays come on the average from neigh- 
bouring regions of the galaxy, while higher energy particles come from farther 
and farther away, the origin of the highest energy rays being on the whole 
extra-galactic. 

A consequence of our concepts is that the cosmic rays behave as though 
the Galaxy was embedded in an infinite sea of galactic plasma. The result 
is that the boundaries of the galaxies lose their significance, and the cosmic 
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rays diffuse in effect throughout the whole plasma. In this picture, in which 
the galaxies are imagined as touching, we must introduce a fictitious loss which 
is equivalent to the loss due to expansion in the real extended universe. 

This model therefore implies isotropy of the cosmic ray flux at all energies, 
apart from local effects near the earth or solar system. 


4. — Energy densities in the universe. 


In conclusion it is appropriate to re-examine the argument that the cosmic 
rays must be confined to the Galaxy because of considerations as to the total 
energy respectively in the form of matter, light and cosmic rays [12, 13]. The 
average energy density of matter in the universe is about 10-*erg cm-3, 
(10-*" g em~*), while those of light and cosmic rays (if the flux near the earth 
extends throughout space), are both about 10-12 erg ecm-*. It has recently 
become clear [14], that the light flux in intergalactic space is not very different 
from the flux inside the Galaxy. Although the intensity from nearby galaxies 
is reduced by an inverse square law effect, there is a large contribution from 
the many distant galaxies exactly as in the case of cosmic rays presented above. 
The ratio of cosmic ray to electromagnetic energy suggested here for the uni- 
verse aS a whole is therefore the same as the ratio inside the Galaxy; an 
approximate equality which has often been regarded as acceptable. 


5. — Conclusion. 


Although the present discussion has been based on the model of Morrison 
Olbert and Rossi, the results are of more general application, and will apply 
whenever escape of cosmic rays from the Galaxy is envisaged. We have shown 
that, with present figures for the size and numbers of galaxies, the escape 
need not be a serious difficulty in any theory of acceleration, and it need not 
impose a high energy cut-off. Our relation between the strength or energy 
output of the accelerating mechanism and the expansion of the universe will 
be relevant whenever an extra-galactic origin is postulated for a part or the 
whole of the cosmic ray flux. If the source strength is sufficient to accelerate 
particles in galaxies with an equivalent characteristic time of order 100000 years, 
then it is reasonable to postulate cosmic rays throughout all space. If, on 
the other hand, the acceleration mechanism is insufficient for this, then we must 
suppose that the particles are confined to the galaxy. 


Note added in proof. — Similar calculations using a differeut cosmology have recently 
come to out attention [15]. 
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APPENDIX (*) 


In the presentation given above the ratio of incoming to emitted flux and 
the loss due to the expansion of the universe are calculated as separate problems, 
but clearly they are related. A unified treatment is given below. 

Let the flux in the surface layers of galaxies of particles with energy greater 
than (one mean free path from the edge) E be f, = j,H~”, and let the corres- 
ponding flux in space outside galaxies be f, = 7,8” with the same value of 
the exponent y. If the acceleration time and loss time for the galaxies are 
t, and t,, the equilibrium condition for the particles in galaxies is 


a 
TESO 


where the left-hand side represents the rate of increase in the number of 
particles of energy greater than £ due to acceleration of slower particles, and 
the second term represents the rate of loss. This leads to the usual power 
law spectrum with y = t,/t.. 

Applying the same concepts to intergalactic space we have: number of 
particles injected by galaxies per unit volume per unit time —nA'(f, —f.), 
where A’ is the surface area of a galaxy and » the number per unit volume; 
loss due to expansion of universe = 3f,/et, and loss due to deceleration time 
constant t, = — (df,/d#)-(H/crt). 

(The velocity of light, c, enters as the conversion factor from flux to part- 
icle density.) The equilibrium condition is therefore 


È Al 
A a 
and remembering that 
dfs — he 
diy = em 
we obtain 
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This expression is very similar to that obtained previously for the ratio of 
incoming to emitted flux, but now involves the total surface area 4ar? of a 
galaxy instead of the projected area ar. 

Using the figures given earlier we now find 


(*) Further developments not presented at the Conference. 
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These figures imply that the particle distribution in the galaxies is consider- 
ably modified as a result of the incoming flux. 

To estimate this effect we first relate #,, the loss time for diffusion of particles 
out of a galaxy, to e the ratio of the flux in the surface layers of the galaxy to 
the mean flux throughout the galaxy. (According to Morrison, OLBERT and 
Rosst there is an approximately sinusoidal distribution of particles in the 
galaxy so that e is small if the scattering mean free path 7 is small). Suppose 
that particles are lost only from a layer of thickness 4 on the surface of a 
spherical galaxy of radius r. The mean loss time for these particles is 34/c, 
and they represent a fraction e x47r?4-47r?/3 of the total particles in the 
galaxy. Hence the loss time averaged over all the particles in the galaxy 
is t, = r/ec. To justify this rigorously one may solve the diffusion equation 
for a spherical galaxy and obtain e = 7?A/3r and t, = 3r*/m*Zc whence the 
result follows. 

In the presence of an external flux f, the loss of particles from the surface 
of a galaxy is reduced in the ratio (f, —f,)/f,. Therefore the required acceler- 
ation time 

ar © Ts 400 000 


years. 


This relates the acceleration time required to give the correct power law 
spectrum to the flux in intergalactic space, because f, = 0.77 xf, =0.77 Xe X mean 
flux in galaxy: acceleration time, t, =(mean flux in galaxy)/(flux in intergalactic 
space) x 300 000 years. 

It now appears that a rather slower acceleration mechanism than envisaged 
in the body of the paper is compatible with a considerable intergalactie flux. 
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The problem of the origin of cosmic rays has been deeply affected in the 
last years by two facts. — 

The first is the necessity of admitting that at least the most energetic 
part of the cosmic rays observed on the Earth arrives from outside the 
Galaxy [1]. 

The second is the proof that both in the Galaxy and outside there exist 
peculiar regions where particles are accelerated to relativistic energies with 
efficiencies as high as nobody suspected before [2]. I am referring to the 
sources of radio waves like, in our Galaxy, the Crab Nebula, which is the 
remnant of the Supernova of A.D. 1053 and, outside the Galaxy, the Jet 
Nebula M87. Both these regions emit polarized light, which indicates the 
presence of relativistic particles moving inside strong magnetic fields. The 
particles that generate polarized light are most likely electrons with energies 
of the order of 10!! eV. This is because electrons radiate ~ 101% times more 
than protons of the same total energy. However there is no reason why, if 
electrons are so efficiently accelerated, ions could not also be. So, these pe- 
culiar radio wave sources are quite certainly sources of cosmic rays also. 

Estimates of the energy output of these sources show that, e.g., the Super- 
novae and the Novae in our Galaxy flare with sufficient frequency to supply 
all the energy we observe in cosmic rays, if the cosmic rays density is every- 
where equal to that observed in the neighborhood of the Earth, 

The same is probably true for the supply of cosmic rays in the intergalactic 


spaces from extraordinary objects like the Jet Nebula and the Colliding Gal- 
axies. 


These observations compel us, I think, to change the principal hypothesis 
on which most of the models of the origin of cosmic rays were based, after 
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the famous paper by FERMI. I am referring to the hypothesis that cosmic rays 
are accelerated in interstellar spaces as a result of collisions with magnetic 
clouds. I do not mean here that the Fermi or a Fermi-like accelerating mecha- 
nism does not operate in the galactic spaces; quite certainly it does. I mean 
instead that it has becomes apparent that the Fermi mechanism is of secondary 
importance, since the energy it transfers to cosmic rays is negligible as com- 
pared to the energy that cosmic rays have already acquired in the peculiar 
regions of the Universe where they originated. 

I am convinced of this conclusion not only because of the existence of the 
strange objects mentioned, but also because the astronomical evidence is 
against the large velocities in the turbulent ionized gas required to make the 
Fermi mechanism important. 

This conclusion, in a sense, brings us back many years: the Fermi mecha- 
nism had the beauty of governing at the same time the acceleration and the 
movement of the particles, i.e., of treating simultaneously both the interior 
and the exterior ballistics of the cosmic radiation. Now, instead, we must 
admit that magnetic fields wandering in the Galaxy and between Galaxies 
influence only the exterior ballistics of cosmic rays. 

The interior ballistics, the process by which charged particles are accelerated 
to the highest energies in peculiar regions of the Universe, is going to constitute 
a separate problem, a provlem that does not interest only cosmic ray people 
and astronomers, since from its solution practical applications of fundamental 
importance will presumably follow. 

In the present discussion I will consider only one part of the story, namely 
the exterior ballistics. 


The distribution of cosmic rays in space is essentially dictated by two 
parameters: the distribution of the sources and the transport mean free path, 
i, of the cosmic rays in the medium. 

The classification of the sources according to the maximum energy that 
they can generate probably does not allow discrete groupings, however here, 
for simplicity sake, we shall schematically subdivide them in three classes. 

To Class I belong the most powerful sources, those capable of producing 
cosmic rays up to energies U,,,, >(1017+10'8)eV. No Galactic object belongs 
to this class, but only extragalactic sources, such as the colliding Galaxies or 
the Jet Nebula. Such sources are not frequent, only a few being presently 
very active within some 108 light years from us. 

To Class II belong the sources with U,,. = 10! eV. Supernovae and 
perhaps Novae give rise to sources of this kind.. They are distributed, in our 
Galaxy, mostly in the galactic disk. Few of them are active now in the 
Galaxy, none very near the solar system. 
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To Olass III belong the sources with Uy a, ~ 10! eV. All stars are pre- 
sumably capable of producing at least occasionally these particles, as witnessed 
by the Sun: however some types, e.g., the Red Giants and the 7°-Tauri, could 
be more efficient than others. 

As far as the transport mean free path, A, is concerned, we can say in 
general that it is a funetion of U, the energy of the particle, its value becoming 
larger, in the same medium, as U increases. The actual value of 7 depends 
on the shape and intensity of the magnetic fields present in the medium, 
properties that are very far from being well known even for the space around 
the solar system. 

A lower limit for 2 is given by the radius of curvature of the (singly 
charged) particles in the average field: 


(U in eV and H in gauss), provided F is smaller than the region where the field 
is present. 


Let us now consider first the cosmic rays emitted by Class I sources, the 
distant colliding galaxies. These produce cosmic rays of all energies up to- 
the largest, but to us there arrive only those that can diffuse here before the 
expansion of the Universe brings us too far from the source. We describe here 
the Universe as in a steady state condition and of course assume that magnetic 
fields are present in the intergalactic spaces. In this Universe, the particles 
presently emitted, e.g., by two colliding galaxies, will reach us only some 
billion of years from now, when the two galaxies will not constitute any more 
a peculiar object. However, at a comparable distance, other colliding galaxies 
existed billions of years ago, which supplied us with the cosmic rays we observe 
now. The maximum distance 7,,. from which the bulk of particles having a 
m.f.p. 4 can reach us is then that for which the diffusion velocity equals the 
recession velocity. 

The. first is (<1r2>,= Avt) 


dr Av 

a (o =e = 3-10" ems). 
The second is 

dr 


r 
di 7 Ta 10! years. 


ou 
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It follows that 


r___ © (A0T) = At-10*4 cm. 


a 
max 


For instance, only particles with A> 102° em =10'Ly. can reach us from 
the region where are now situated the two colliding galaxies of Cygnus A, 
1-108 Ly. away, and these particles are presumably only the most energetic, 
since 4 decreases as U decreases. The less energetic particles can come only 
from sources at smaller distances from us, and these are very few (*). 

The galaxy is practically transparent to particles of more than 10” eV, 
hence the density of these particles inside and outside the galaxy must be 
about the same. 

We can thus summarize the situation by saying that the contribution of 
Class I sources is mainly felt at the extreme energies, while at the lower energies 
the contribution of the more abundant local sources is predominant. 

Let’s come now to Class I sources, Supernovae and Novae. The disk-like 
distribution of most of the gas in the Galaxy makes it unlikely that the par- 
ticles emitted by these sources, that are more abundant in the vicinity of the 
galactic plane, reach us by diffusing along the disk. Most of these particles 
will diffuse from the disk into the galactic halo (and eventually into the inter- 
galactic spaces) where they will be present with a density in first approximation 
inversely proportional, coeteris paribus, to their transport m.f.p. So the par- 
ticles from this class observed on the Earth come preponderatly from diffusion 
from the halo back into the spiral arm, where we are located. 

The situation is different, finally, for the particles of Class III, which being 
produced all around us, reach us mostly from our neighborhood. 


The spatial distribution of Class I and II particles as seen from the Barth 
is essentially isotropic, since the diffusing media are all quite uniformly distri- 
buted around us. If any anisotropy can be foreseen, it is more likely to be 
expected in Class II particles (< 10% eV) that can feel the asymmetry of the 
galaxy, than in Class I (> 10” eV) particles that are produced by several 
sources probably uniformly distributed in the Universe. 

Class III particles, of course, show the anisotropies of the local fields and 
of the nearest sources, the Earth’s magnetic field and the Sun. 

Ag far as the external ballistic is concerned, the total thickness of matter 
crossed by cosmic rays before reaching the Earth is always small, of the order 


(*) Also the storage factor of the sources is presumably larger for the less energetic 
particles and reduces their probability of escape. 
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of few g cm-2. In fact the low energy particles stay in our neighborhood for 
times of the order of 


where r ~ 10?! cm = thickness of the spiral arm, and 7 ~ 10! em = 1 Ly., as 
Suggested by the dimensions of the local turbulences. Assuming a mean den- 
sity in the arm of 10-*4g cm~ this gives an average thickness of matter tra- 
versed of a 1g cm”. 

The diffusion in the halo, where the density of matter is some orders of 
magnitude smaller, gives a similar result. Similarly the extragalactic particles 
are not expected to cross much more matter, even if they stay around billions 
of years. 

The model thus satisfies the two conditions that we believe to be funda- 
mental for any description of the origin of cosmic rays: the possibility up to 
the highest energies of a mass spectrum relatively rich in heavy ions, and the 
quasi-isotropy. 

What remains out of the picture is that most remarkable fact that the 
integral energy spectrum seems to obey the same law, the U-? law, from 101° 
to (101°-102)eV. Though it is appealing to think that such a law is a con- 
Sequence of some fundamental property of the spaces or of the sources, as it 
was suggested by the Fermi model, here we are led to conclude that it may 
rather be the product of accident. 

The word accident does not convey the real meaning of the situation. 
The uniformity of the integral energy spectrum reflects the uniformity of the 
universe, i.e., the uniform distribution of the sources. Besides, it must be 
remembered that the differential energy spectrum could have several bumps, 
but that the present methods of observation are not able to detect them. 
What we observe is the superposition of several energy spectra from many 
sources, all perhaps following power laws within limited ranges; in our location 
they sum up in such a manner as to give a power spectrum with nearly constant 
exponent over ten orders of magnitude. But one cannot help thinking that 
if we were living in the neighborhood of the Crab Nebula, the cosmic rays 
would be much richer in low energy particles (as, after all, occasionally happens 
here too, when the Sun is particularly active) giving a steeper energy spectrum, 
or that in a star near the rim of the galaxy the less energetic particles would 
be much less abundant than here. 

Finally, a few words for the future. The neat separation between exterior 
and interior ballistics of cosmic rays somewhat decreases the importance of 
the problems connected with the first and increases those connected with the 
second. 


Cosmic rays are particles carrying small information, being subject as they 
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are to the influence of all the wandering magnetic fields that they meet on 
their way: cosmic rays particles hardly give us any clue on where and when 
they are produced. They represent, so to speak, the product of an average 
over large parts of the universe and tell us only that somewhere and somehow 
they are accelerated to their fantastic energies. 

For the study of the interior ballistic I feel that, at least for the time being, 
more information can be obtained from the analysis of the phenomena oc- 
curring on the Sun, where particles up to 10!° eV are occasionally created in 
well defined points and at well defined times, than from the analysis of the 
incoherent particles that form the bulk of the cosmic radiation. 
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It is one of the advantages of meetings like the present that they offer the 
opportunity to hold up even one’s speculations and suppositions against the 
criticism of one’s colleagues. For this reason and to this purpose only, some 
ideas on extragalactic cosmic radiation will be presented here, in spite of 
the fact that many details have not yet been formulated in a quantitatively 
Satisfactory way. 

Basically, there are two lines of thought which lead to an investigation of 
the problems of extragalactic cosmic radiation. On the one hand, the cosmo- 
logical effects of the diffusion into intergalactic space of a radiation produced 
or stored in the galaxies should be studied; on the other, the possibilities and 
consequences of extragalactic production could be re-examined. We shall deal 
here very briefly with both aspects of the problem. 


1) As to the first, it is by now probably generally accepted that there 
is a considerable leakage of cosmic radiation through the boundaries of the 
galaxy [1, 2]; only its extent may be somewhat in doubt, depending as it does 
on the model of the galactic fields, or one may say on the reflectivity of the 
boundary layer. In the extreme case of a pure random walk theory of pro- 
duction [3], the accumulated extragalactic density of cosmic radiation may 
well have risen to a sizeable fraction of its value inside the galaxies (which, 
for simplicity and for lack of better knowledge, we shall assume to be all 
equally efficacious in the production and storage of cosmic rays); but it is 
probably more realistic to assume a value smaller by a few orders of mag- 
nitude. However, even this constitutes a stream directed from the regions 
of higher curvature, the galaxies, into that of lower curvature, and it fills the 
latter space with energetic radiation: effects which tend to counter-act ex- 
pansion. It is, therefore, tempting to see to what extent cosmic radiation 
may be acting as a regulating factor in the expansion of the universe. 
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As a first thought, one might compare the flux entering the intergalactic 
space from all galaxies, distributed over the entire volume of that space, with 
the rate of continuous production of matter in a steady-state universe [4, 5]. 
If, for instance, the assumption is made that a fraction of the order of 107% 
of the galactic flux is allowed to pass through the boundaries, the rate of 
increase of energy density in intergalactic space would be of the order of 
10-33 erg/em*s: or by many orders of magnitude less than that demanded 
by the steady-state theories. 

However, this is not a fair comparison since it does not properly take into 
account the different way in which the production of matter at rest, and the 
increase of the level of high-energy radiation, would affect the metric of inter- 
galactic space. Unfortunately, the calculations including the pressure effects 
due to the radiation leakage are rather complicated, and have so far proven 
too much for a mere experimental physicist. All that can safely be reported 
at this time is that, according to a crude model approximation, they appear 
to raise the effect by several orders of magnitude; but whether it would be 
sufficient to bring about equilibrium conditions—essentially a «steady state 
without creation of matter »—and whether a more precise calculation will 
confirm the results obtained with this model, must still remain doubtful. 
Perhaps the most that can be said is that it looks as if it were worth the time 
of somebody who understands cosmology, to look into this problem. 


2) Tarning now to the second point, we note first that the empirica; 
material known about the primary cosmic radiation certainly does not exclude 
an extragalactic, or a mixed, origin. If so, we might follow two possible 
assumptions: first, that extremely energetic radiation may have been created 
at some early phase, either in a « catastrophical » beginning, or in a universe 
which only started to expand and in which collisions between the forming 
galaxies were still quite frequent. Second, that such radiation is continuously 
being created in a process replacing the matter creation of a steady-state world. 
That this second process would be more « economical » than that of the usual 
theories [4, 5], is qualitatively evident, and has been proven quantitatively 
by HEIDMANN (*) in a paper the general ideas of which run very much pa- 
rallel to those presented here. In this picture, cosmic radiation passes through 
three phases: the extragalactic creation and propagation, collision in a galaxy 
with a nucleus of galactic matter giving rise to a number of still energetic 
secondaries, and acceleration by magneto-hydrodynamic processes of low-energy 
particles resulting from these collisions, as well as of others ejected from stars. 


(*) I am much indebted to Dr. J. HEIDMANN for discussing his results and presenting 
me with his manuscript before its publication. 
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In estimating the energy spectrum of this radiation, the degradation of 
the energy resulting from Fermi-type collisions with the magnetie fields of 
the galaxies must be taken into account. Since the probability for a collision 
with galactic matter of a particle entering a galaxy is small even if we 
permit a certain amount of storage by the galactic field, the primary cosmic 
radiation will spend most of its time outside of galaxies, and as a rule undergo 
repeated « collisions » with them before being captured: and on the average, 
these collisions will be of the « overtaking » kind because of the general ex- 
pansion. 

A rather simple estimate of the energy spectrum has therefore been made 
on the basis of the following three assumptions: 


i) that the primary radiation, produced with uniform energy, undergoes 
overtaking collisions with receding galaxies, thereby losing some of its energy; 


ii) that the removing mechanism for these particles—and the initial 
state for the second-phase radiation—is given by the collisions with galactic 
matter; 


ili) that from each such collision, » nucleons of equal energies emerge, 
and that their energy is proportional to that of the incident particle. 


Under these assumptions, a straightforward calculation shows that the re- 
sulting energy distribution will be closely represented by a power spectrum 
with an exponent of the order 2 to 4. Its exact value depends on a number 
of parameters about which our knowledge is insufficient, like the « storage » 
of the primary radiation in the galaxies, the number n of second-phase cosmic 
ray particles, and the average age of the cosmic-ray primaries. Evidently, 
there is not much sense in attempting to establish agreement of this exponent, 
by a suitable choice of the parameters, with the empirical value of the power 
spectrum of cosmic radiation observed at the earth. At present it is quite 
sufficient to arrive at order-of-magnitude consistency. 

This is, of course, not the only model of extragalactic production of cosmic 
radiation that could be considered. Perhaps more realistically, colliding ga- 
laxies have been mentioned as possible sources of high-energy particles, and 
undoubtedly still other mechanisms can be devised. Without discussing them 
in detail, we emphasize only that in each case, the essential features of the 
assumptions (i) to (iii) would still be operative. 

One final point may be mentioned. Against any model which places the 
origin of cosmic radiation at an early phase of our expanding universe, or 
even permits them an extragalactic lifetime comparable with the age of the 
universe, the objection may be raised that at this early time, the absorption 
in the galaxies must have been much larger because of their higher density. 
It can easily be shown that this is not so: that there was a phase when col- 
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lisions between galaxies were frequent enough to ensure a sufficiently high 
rate of production, and yet the chance of the cosmic ray particles to escape 
absorption was already quite reasonable. This can be viewed as a consequence 
of the fact that the frequency of collisions between galaxies increases with the ’ 
square of their density, while that of particle-galaxy collisions is proportional 

to the first power of the density of the galaxies. 

Let it be stressed again, the views presented here are offered as specul- 2% 
ations, not as a theory. But whether or not they will stand up, in their pre- . 
sent form, to future tests when the formalism will be improved and the para- 
meters better known, they might be worth discussion now: if only to remind 
us to investigate even the unlikely, and to take nothing for granted. 
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A Point Source of Cosmic Rays and Its Time Variation. 
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At Mexico Meeting in 1955, three of the authors [1,2] reported the existence 
of a point source of cosmic rays at declination 6 = 0°, right ascension 
a=5" 30"", before entering into the geomagnetic field, observed with two 
alt-azimuth G.-M. counter telescopes until August 1955. The observation was 

continued with the two telescopes, 

Tel. N°) Tel. N+ 2 


;; ai nl and the point source was observed 

10 every year at the same position. 

È Since April 1954, observations 
were done at the zenith distance 

0 Z= 80°, twice a day at two azimuths 


-5 A= 85° and A = 255°, respectively. 
% As shown in Fig. 1, every one of these 

O ee a E four independent observations indi- 
5 cates the existence of the same point 

source. That is to say, the point 

o ae DITE, source was observed four times, with 

For 5 6h GET :~=SCséWoo telescopes and at two azimuths, 

E 00 respectively. 


The integrated curve of the total 
observations, from April 1954 to De- 
cember 1956, in shown in Fig. 2. 
The error bar attached to every point corresponds to + VN, where N is the 
count at the position. For example, the count V — 5039 at the point source. 
Except the position of the point source, which was expected by the scanning 
in 1952 and 1953, the standard deviation of the intensities over the remain- 
ing 21 positions is 1.8%, while 1/\/N is about 1.5%. The intensity diffe- 
rence between the point source and the remaining positions is more than 4 
times as large as the standard deviation. 
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The position of the point source not corrected for the geomagnetic de- 

flection may be called as the eastern image or the western image, according 
to the azimuth of the obser- 
vation. The two telescopes 
gave the same position for 5 
the eastern image, and also 
the same position for the 0 
western image. As shown 
in Fig. 3, the two images  -5; 3 
were found identical to each 
other after the correction for 
the geomagnetic deflection. 
Through this identification, the charge and the average momentum of the 
effective primary particles and also the position before entering into the geo- 
magnetic field can be determined, In the previous report, the charge was 
positive and the momentum was about 2 stormers. A little more exact 
values are as follows. 

The most probable average momentum is 2.2 stormers or 280 GeV/c for 
protons. The most probable position is: declination 6 = 0°30' N and right 
ascension «= 5°15™". The discrep- 
ancy of the identification is shown 


6 E image by the small circle in Fig. 3, which 
N asd? sen indicates that the error of mo- 
da &=10°40'N mentum is about + 40 GeV/e for 
protons and the error of position 
> a is about 1°. Another source of the 
Mi error of position comes from the 
a 3 ismin lack of our knowledge about the 
0° S=0° 30'N geomagnetic field, which was sugges- 
W image ted by Simpson. This error was esti- 
a 24h sit mated to be less than 2.5°. 
50 65° 20' 


The radius of the image is 3° as 
shown in Fig. 3 by larger circles, 
which were determined from the 
duration of the appearance of the 
5 Nggmin gh = a point source crossing through the 
field of the telescope. This radius 
r= 3° is nearly equal to that expec- 
ted from the geometry of the counter 
arrangement of the telescope. Consequently, the deviation of primary particles 
from a parallel beam and also the deviation due to the scattering in the atmos- 
phere are considered to be less than about 2°. According to Murayama’s estimate, 
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Coulomb scattering of u-mesons is about 0.7°, the scattering due to 7-u decay 
is about 0.2°-- 0.3°, and the dispersion due to the angular distribution of the 
m-meson production is about 2° if the distribution is assumed as cos? 0 in the 
centre of mass system. This assumption is plausible in this region of primary 
energies. And the average momentum of the effective primarys rays, 280 GeV/c 
for protons described above, is also plausible as the result of atmospheric 
cut-off of the low energy part, without assuming any special spectrum of 
primary particles different from ordinary cosmic rays. 

The intensity difference between the position and its vicinity (4°00™°< 
<a«< 6°40") is (8.9 +1.5)%, which was measured with the solid angle 5° x 5° 
during the period from 1954 to 1956. The number of cosmic rays from the point 
source is about 6-1075 particles per sec per cm? under the atmosphere at the 
zenith distance 80°. This intensity difference is not constant, but makes the 
time variations as follows. 

There is no secular variation of the position of the point source, while there 
seems to be a secular variation of the intensity. AS the significance level is 
about 0.5%, the existence of the secular variation is not conclusive. However 
if an exponential decay is assumed, the half period is about one year. 

About the yearly variation of the intensity, both of the annual and semi- 
annual harmonics are well significant. Combination of these two harmonics 
indicates that the point source appears two times a year, and disappears two 
times a year. The 1-st maximum is about 3 times as high as the 2-nd maxi- 
mum, and the 1-st maximum happens in May when the earth is on the 
side opposite to the point source with respect to the sun. 

From a statistical examination of the day-to-day variation of the intensity 
difference, a periodic variation was found. In Fig. 4, amplitudes calculated 
for various values of assumed periods are shown. The most significant period 
is about 18 days the significance level being 0.27%, and the amplitudes cor- 
responding to slightly different periods may be interpreted as an appearent, 
effect due to the existence of the 18 day variation. The amplitude of the 18 day 
variation is about the same as the average intensity over a long time. That is 
to say, the point source appears and disappears once in every 18 days period. 

The time variations described above may be summarized with the following 
empirical formula approximately: 


t t — ty t—t t—t 
I(t) = Ip exp|— | (1 9 osa | hi 
(t) exp 7|( + cos Ts von + G08 70 5 Gone (1 + cos 27 Ti 


L26108 ema T, 1.6 year, t.~ May, 
Ti, ~ 18 days, hs ~ June 3, 1956 


which contains 5 empirical constants. 
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It is suggested, but not yet confirmed, that the 18 day amplitude observed 
with a wider solid angle seems to be constant, and the annual and semi-annual 
modulation may be caused by the deflection 
of cosmie rays from the point source due to 
some effect from the sun. 

It has been considered to be difficult to ob- 
serve any point source of cosmic rays through 
the galactic magnetic field. NAGASHIMA sug- 
gested a collimating effect of the galactic 
magnetic field. According to his idea, assume 


a localized origin of cosmic rays in a place 
where the galactic magnetic field is strong, 
and assume that the solar system is located 
at a place where the field is weak and which : 
is not so much distant from the origin and connected with it by the magnetic 
lines of force. Under this special condition, he showed that the cosmic rays 
from the origin may come to the solar 
system, where the rays are nearly parallel 
Mat to the lines of force (Fig. 5) and the inten- 
sity is much higher than that given by the 
inverse square law. At present, we have 
era no proof whether this assumption is 
Lines of magnetic force right or not. However, it will be dif- 
ficult to say that the observation of a 
point source contradicts with the present 
knowledge. 


Fig. 5. 


In conclusion, the authors emphasize that the existence of a point source 
of cosmic rays was confirmed again and its time variations were observed. 
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Continuous Creation of Cosmic Rays. 
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: [Recent experiments on large air showers indicate that cosmic rays exist 
with such a high energy that, as they cannot be confined in the Galaxy, they 
cannot get accelerated in the Galaxy by hydromagnetic processes. Further- 
more the time scale for acceleration in extragalactic space cannot reasonably 
be made smaller than the expansion time constant of the Universe. 

So we would like to consider a different approach to the problem of the 
origin of high energy cosmic rays, which is inspired by Bondi and Gold’s 
theory of continuous creation. A rough picture would be the following: in a. 
steady state infinite Universe there would be continuous creation, throughout 
all space, of nucleons of energy larger than the highest energy observed. They 
might appear either singly, without balancing momentum, either two or more at 
a time; as nucleons or as antinucleons; and neutral on the mean. These super- 
cosmic rays, as we shall call them, will travel in straight line through the Uni- 
verse, crossing from time to time a galaxy. In a galaxy they will have some 
probability to suffer a nuclear collision with interstellar hydrogen. When doing 
so they will create a number of lower energy nucleons, which, when charged, 
will have some probability to get trapped in the galactic magnetic fields and 
degrade more and more into lower energy nucleons; then, in the galaxy, we 
Shall get as secondary of super-cosmic rays, a spectrum of nucleons of inter- 
mediate energy, which we shall call meso-cosmic rays. They will have a low 
energy «cut-off » related to Hubble’s constant, because the expansion of the 
Universe makes improbable a long degradation time by nuclear collisions. 

Then lower energy cosmic protons and heavy nuclei would be ascribed to 


hydromagnetic processes in the Galaxy, such as are those occuring in solar 


flares, the Crab nebula and may be other loci like magnetic variable Stars, 
interstellar turbulence. 
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The situation might then be schematized by the integral spectra of Fig. 1. 
We assume implicitly that there is no appreciable degradation of super- 
cosmic rays in extragalactic space, i.e. that extragalactic space is empty enough. 
Later on we shall come back on this assumption. 
Of course this scheme trespasses the law of 


conservation of energy, and perhaps momentum, hydromagnetic 
but provided it does so within experimental 10° + 
certainty, as the theory of continuous origin of 4 
matter does, this is unrelevant. In this preliminary do 
sketch we shall try to work out a few consequences 3 RA 
in order that this scheme be not purely speculative. iy ie 

1) First, we simply note that in the high E DI 
energy band there should be no heavy nuclei. ù ae 

Fig. 1. 


2) Second, a fine structure in the shape of 
the energy spectrum is likely to exist, as it results 
of the superposition of two different mechanisms. But one should not expect 
these two mechanisms to be completely unrelated, as it is schematized in Fig. 2. 


3) Then, one would expect the meso-cosmic rays to contain antinucleons: 
even if all super-cosmic rays are nucleons, in the first encounter with inter- 
stellar hydrogen, they will create a large number of nucleons and anti-nucleons 


of which half will be anti-nucleons. When 


these degrade to lower energy they might 
tend to annihilate with interstellar hydrogen, 
Continuous matter Super- cosmic thus reducing their relative abundance. 
creation radiation 


4) Also, pions should be created, ap- 
pearing mainly like an inelasticity factor in 
the nucleonic chain. The charged one will 


Galactic 
hydro- 
magnetics 


Hy dromagnetic Meso-cosmic 


cosmic radiation radiation readily decay into electrons which will loose 
their energy through synchrotron radiation 
Fig. 2. and contribute to the galactie radio radiation. 


5) The neutral pions will decay into 
y-rays. These, being not trapped by galactic magnetic fields, will wander 
through all the Universe and fill it at a fixed density level. 


6) The scheme leads to a power law meso-spectrum. Let us consider 
an oversimplifying case: assume that when a nucleon of energy £ collides 
with an interstellar Hydrogen, we get, after the collision, a nucleons of energy 
«E each. The inelasticity is k=aa. Let t, be the degradation time in the 
Galaxy by nuclear collisions with interstellar hydrogen and 7, the escape time 
from the Galaxy of nucleons; n, and £, the number density and energy of 
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super-cosmic rays; 7, and t, being much smaller than the Hubble constant 7, 
we get the differential number density spectrum: 


AN Ng È y 
Ù a Wea ee) 
with: 
(2) vie log È ded noe da 
s log (a/k) T.log (a/k) 


If % is not an extremely small number we have: 


9 I Ti 
VI Ta 
Tt, log a 
t; is about 50 My and loga around 5 to 10; then, if the escape time from 
the galaxy is larger than 10 My, we get y~—2, and for 7, smaller, y is 
positive. From M.I.T. measurements y should be about — 3. 
The discrepancy is not overwhelming, as the influence of many other factors 
should be investigated: 


i) The number of nucleons a is a function of energy. From Fermi’s 
. e . og le ord 
thermodynamic theory of high energy nuclear events it is: a — (E/m,e°)*. 


ii) All nucleons are not emitted with the same energy «# in a collision. 
A more realistic model would be to assume a/2 nucleons with «E and a/2 
with PH, with f6/« taken from Fermi’s theory. 


iii) The cross-section for nucleon-nucleon interaction might be energy 
dependent, although there is no special evidence for it; in this case tz would 
be a function of energy. 


iv) The escape time t, is a function of energy, which one could derive 
from Ecole Normale and M.I.T. anisotropy measurements. 


v) Boundary condition effects should be considered; the sun being cn 
the edge of a spiral arm of the Galaxy, an energy dependent edge effect should 
appear. 

vi) iNffects due to other galaxies should occur; for instance a fraction 
of meso-cosmic rays escaping from galaxies should reach our Galaxy and add 
to the meso-spectrum. This will be especially important in case the super- 
cosmic ray energy is so large that meso-cosmic rays of the first generations 
are not affected by galactic magnetic fields. 


vii) Super-cosmic rays might not have a unique energy H,. Shapes of 
suitable spectra should be investigated; and their relationship with the theory 
of continuous creation of matter would be important from a cosmological 
point of view. 
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7) Coming back to equations (1) and (2), one can estimate the total 


energy density £,, contained in the meso-spectrum in galactic space. We simplify 
by introducing a galactic limit energy £, such that under £, we have y > — 2 
and, above E,, y ~ Ta/Tem log a, where we set 7, equal to its minimum value, 
i.e. the time for crossing the Galaxy in straight line. The galactic limit energy 
is such that the escape time is around 10 My from equation (2). D being the 
diameter of the Galaxy and % the mean free path of cosmic rays in galactic 
magnetic fields, we have t,~ D2/Ac. If one identified 2 with the radius of 
curvature of the cosmic ray in the galactic field one gets: H,~ 10!8 eV. 

In the low energy part of the meso-psectrum, a term of the order t,/T 
should be added to the exponent y, where 7 is Hubble’s constant, to take 
into account the expansion of the Universe. Then: 


(3) Eur nsEsTem/Ta =5 nN Hatta 2 


Now one has n,= 471,/e where J, is the directional intensity. Tentati- 
/ 

vely one can put /,E, — 10-16 em-? s-1 sr-1-10!° eV from M.I.T. measurements. 

Then: 


n,~ 10-28 particle/em*, HE, 10° eV/em?, ¢e,~10-* eV/em?. 


8) We can now estimate the rate of continuous creation of super-cosmic 
radiation. It has to compensate for the expansion and for the absorption by 
galaxies: 


(4) ee Up (3 +4) 


where g is the fraction of space occupied by galaxies; its values is 107° to 
10-*, so that we have: 


y,~ 3n,/T ~ 10-* particles/em? 8 . 


This represents an energy input of about 10724 eV/cem® s. This value and those 
of 7) should be trusted only within a few orders of magnitude. They are just 
intended to show that, as a comparison, the energy input in the theory of 
continuous origin of matter is much larger. In the form of rest mass, it is 
about 10-!! eV/cm? s, if one takes 107?” g/cm* as the density of the Universe. 

Though the absorption of super-cosmie radiation by galaxies is neglegible 
compared to the dilution due to expansion, its very existence implies a re- 


gulating mechanism for »,. 
We have to come back on an assumption we made at the beginning and to 
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suppose now that intergalactic space is dense enough to degrade super-cosmic 
radiation by nuclear collisions. The average age of a super-cosmic ray in the 
Universe is determined, irrespective of degradation in intergalactic space, by 
the expansion time 7/3 and the galactic absorption time t,/g. We have 
Talg > 7/3; then, in order that super-cosmic rays should degrade in inter- 
galactic space we must have t,;< 7/3, where 7,; is the degradation time in 
intergalactic space. This requires the intergalactic density to be: 


0. 10-** gem? : 


If this is so, galaxies would be immersed in a meso-spectrum of extragalactic 
origin which would pervade them, because the penetrating time, equal to 7,, 
is small compared to the age of galaxies. The only important difference between 
this universal case and the above galactic case will be that the energy density 
of cosmic radiation in intergalactic space will be the same as in galactic space. 

Gold objected that cosmic rays cannot be spontaneously created with their 
observed spectrum, because if one extrapolates this spectrum to the zero energy 
value of continuous creation of matter, one would get either an odd shape 
for the creation spectrum, or a divergency in the rate of continuous creation. 
But this objection does not hold here, because we do not assume cosmic rays 
to be created with their observed spectrum; this spectrum is obtained through 
degredation by nuclear collision with galactic or intergalactic matter. 
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General Observations on the Origin Problem. 
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The following comments seem to be pertinent in considering the Sun as 
the primary source of cosmic rays: 

1) The only direct evidence we have for particles of cosmic-ray energies 
coming from the Sun is during certain rare occasions when violent eruptions 
on the Sun occur. So far 5 such solar flares have resulted in particles reaching 
sea level on the Earth. It is reasonable to assume that if high energy par- 
ticles in general come from the Sun the conditions would be most favorable 
when the Sun is most active. Actually cosmic rays are found to be at a 
minimum during an active period of the Sur 

2) It has been suggested that there may be accelerating mechanisms in 
the extended corona of the Sun and that since the corona seems to be most 
extensive during a solar minimum this may be the most propitious time for 
particles, especially those of low energy, to arrive at the Earth, thus giving 
the phase found experimentally. In answer to this, one may remark that the 
chemical composition of the primaries suggests about equal numbers of lithium, 
beryllium, and boron nuclei compared with carbon, nitrogen, and oxygen 
existing in the primaries and that the Sun seems to be very deficient in 
the Li, Be, and B group of elements. To account for a sufficient number of 
these elements, the heavy nuclei of solar origin must have passed through 
several g cm-? of matter before reaching the Earth and this is very difficult, 
since the amount of matter between the Sun and the Earth is probably not 
greater than 0.01 g cm”. 

3) The third point against a solar origin has to do with the energy 
distribution of the primaries. No one has dared to suggest that the highest 
energy particles are of solar origin. If not, then it is difficult to understand 
how the energy distribution of particles of solar origin connects on so smoothly 
with those of cosmic origin. We, of course, do not have very precise information 
on the energy range from say, 101! to 10%, but it is hard to understand how 
any large difference could have escaped detection. 
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Composition of the Primary Radiation. 


The Primary Alpha Particle Spectrum Over North America 
and Geomagnetic Cut-Off Energies. 


P. FOWLER, P. S. FREIER and E. P. NEY 


School of Physics, Institute of Technology, University of Minnesota - Minneapolis, Minn. 


1. — Introduction. 


The «-particles in primary cosmic rays represent a component of the 
radiation which is susceptible of detailed study. They are the second most 
abundant element in cosmic rays and are readily identified as primary cosmic 
rays over the entire energy range of interest. They can be easily distinguished 
from the proton component of cosmic rays and from other multiply-charged 
primaries in photographic emulsion. The contribution of the albedo to the 
measurement of primary «-particles can be shown to be negligible in contrast 
to the situation with primary protons. Because a-particles can be readily 
identified as primary cosmic rays and also represent a large fraction of the 
flux, they have become the best measured component of cosmic rays. It has 
previously been shown {1] that at very high geomagnetic latitudes and during 
a sunspot minimum, the primary «-particle differential Spectrum shows a 
maximum at approximately 300 MeV/nucleon. At higher and lower energies 
the differential flux falls rapidly, and unless the distribution is assumed to 
be bimodal, the flux of «-particles of energy less than 150 MeV /nucleon must 
constitute less than 5% of the total «-particle flux. In the energy range from 
150 MeV/nucleon to approximately 600 MeV/nucleon, the energy spectrum of 
the incident «-particles can be measured directly in emulsion without recourse 
to geomagnetic theory. It is possible, therefore, to determine the effect of 
the earth’s magnetic field in producing cut-off energies in a vertical direction 
for incoming «-particles at various latitudes. This measurement has been 
carried out by WADDINGTON [2] in England, where it has been Shown that 
the cut-off energies are higher than would be anticipated from geomagnetic 
theory. The present series of measurements represents a corresponding ex- 
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periment carried out over northern North America, in order to determine 
the energy spectrum of cosmic ray «-particles independent of the earth’s mag- 
netic field and to find the cut-off energies operative at various latitudes in the 
United States. 


2. — Description of the experiment. 


The determination of differential energy spectra in emulsion requires balloon 
flights performed at constant level and at different geographic latitudes. It: 
is desirable to have a means of determining whether the «-particles studied. 
were produced at high altitude, where the residual pressure is precisely measured. 
In the series of flights reported here, the flights were either long enough so: 
that the number of «-particles entering the plates during ascent was negli- 
gible, or the plates were turned from a horizontal to a vertical position after 
the balloon had reached ceiling altitude. The latter method is preferable, 
since long tracks of the type studied in this experiment are virtually non- 
existent in horizontally exposed plates. The size of stack required to get a 
statistically significant measurement of the «-particle flux consists of a. 
4 in. <4 in. stack of twelve 600 u-thick pellicles. These plates are line-scanned 
for particles of greater than three times minimum ionization and of length 
greater than or equal to 8mm, and having a zenith angle within + 45° of 
the zenith. On each of the tracks found in this way, measurements are made 
of the ionization and the multiple Coulomb scattering. We have found that. 
in the ionization range encountered in this experiment a photoelectric measu- 
rement of the ionization is a reliable and easy way of determining this para- 
meter. Fig. 1 shows a plot of ionization vs. scattering, for the a-particles 
obtained in one of the exposures reported in this paper. It can be seen from 
this plot that the protons are completely resolved from the «-particle com- 
ponent and that both the ionization and the scattering indicate the variation 
in energy of the «-particles. A previous experiment [1] has shown that the 
ionization measurement gives a more precise determination of the energy, and 
the determination of the energy spectrum is therefore based upon the ioni- 
zation distribution of the particles which are shown to be «-particles by such 
a plot as Fig. 1. 

The conversion between measured ionization in the plates and «-particle 
energy is obtained from the densitometer reading. In the flights in which 
a-particles of energy less than 300 MeV/nucleon occurred, this calibration could 
be carried out directly with the «-particles themselves. In the Missouri flights, 
however, where these particles are missing, it was necessary to determine the 
energy calibration of the densitometer measurement by using slow protons. 
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Fig. 1. — Ionization (Densitometer Opacity) as a function of multiple Coulomb scat- 
tering (D per 500 um cells) for the particles obtained in the line scan of the Missouri plates. 


for calibration. Fig. 2 shows such calibration. It has been demonstrated that 
if the ionization measurement is plotted as a function of Z?/6?, the measure- 
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ments made on protons at known 
residual range will fall in a 
smooth curve with the corres- 
ponding measurements made on 
a-particles. It is therefore pos- 
sible, by measuring slow protons 
in emulsion, to calibrate in the 
energy range of interest of the 
primary «-particles. 


Fig. 2.— Densitometer calibration for 

the Missouri exposure. The densito- 

meter opacity is given as a function 

of Z?/B* for ending protons and 

a-particles. This calibration can be 
used for! Wp 8) 
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The ionization distributions of the particles measured in the four experi- 
ments carried out over the United States are shown in Fig. 3. Table I gives 
the pertinent characteristics of the flights in which these x-patricles where 
measured. The resolution of the densi- 


tometer measurement is indicated by Fi 
the Texas distribution where the par- 20} 
ticles are all relativistic. It can be seen 


TEXAS 


iS 8 oh, Rear Sf eee 
in Fig. 3 that the ionization distri 130 PARTICLES 


bution of «-particles in northern Iowa 


is very much the same as the ionizat- 8 
ion distribution in Saskatoon, Canada. 4 
Fig. 4 shows the differential energy 


Oro = ane We 


5 ° 14 
spectrum in Saskatoon corrected for TRACK DENSITY 


absorption in the atmosphere and for 


production of «-particles by fragmen- 


= DE a Pes ere 20} 
tation. Within statistics the spectrum 
in northern Iowa is identical with the 16) MISSOURI 
spectrum in Saskatoon. Table II gives 12h pee tery 
the relative flux of x-particles at Saska- i 
L 
toon or northern Iowa, in various ener- 
4h 
gy ranges. It can be seen that less than 
5% of the x-particles have energies less. 8°66 0 2 w 16° 
> È * S |EVERGY TRACK DENSITY 
than 150 MeV/nucleon, approximately & |Meyh PLATE~500 400 300 200 150 100 50 
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300 MeV/nucleon, and 82% have ener- 204 
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gies in excess of 300 MeV/nucleon, in Sieh 
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this spectrum. Further examination’ 81 PARTICLES 
of Fig. 2 shows that the spectrum ob- 
tained in northern Missouri is lacking 
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in low energy particles and, in fact, 
indicates that a cut-off has become 
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300 MeV/nucleon. Ifit is assumed that 
the cut-off is produced by the earth’s 
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Fig. 3. — Ionization distributions for the 
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TABLE I. 
= == (CES == ——— eee = = = 
See | | | I Cut-oft | i 
| | | appropriate Integral flux| 
| | Nominal | Megomnien to nominal ee to, 
Ute | Date of Geographic | Geographic | geoma- | cut-off geoma- |. (0) 2 (0) ee 
DA flight | iongidnà | latitude genetic energy genetic atmosphere | 
I | latitude MeV/IN latitude particles 
| | | MeVIN m’ssr. | 
—_ | — —S—" 
AE | a = | - | 
Saskatoon | June 18, | 107° W | 52° 10/N| 61° | <150 90 | 290+20 
Canada 1954 | / 
ofan 90. © T ie oat QEA EE L90 
Waukon May 17, | 91° 30’ W | 43° 50’ N 54 = 150 350 255 +20 
Iowa 1956 
Kirksville | Sept. 28, 90° W 40° 40’ N | 50° 30’ | 300+20 560 249 +20 
Missouri | 1956 
San Angelo | Feb. 6, 101° W SAN 41° > 500 1600 97+ 8 | 


Texas 1956 


magnetic field, the value of 300 MeV/nucleon measured must be compared 
with the vertical cut-off of 560 MeV/nucleon which would be calculated on the 
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Hig. 4. Differential energy spectrum of 
a-particles at high latitude corrected to the 
top of the atmosphere. 


basis of conventional geomagnetic 
co-ordinates. If one believes that 
the vertical cut-off momenta are 
given by an expression of the type 
p=7.4cos*d (GeV/c)/nucleon , 
then the cosmic ray latitude in 
North America must be assumed 
to be 4° higher than the conven- 
tional geomagnetic co-ordinates 
determined by surface earth field 
measurements which lead to the 
conventional eccentric dipole ap- 
proximation of the earth’s field. 
This is in contrast to the situation 
in England where the measured 
cut-off energies indicate cosmic ray 
co-ordinates 4° lower than the 
conventional geomagnetic co-ordi- 
nates. WEBBER [3] has recalcu- 


lated cosmic ray cut-off energies on the basis of an eccentric dipole determined by 


the most recent magnetic measurement. 


His calculations show somewhat 


better agreement with the measurements in England, but show a strong dis- 
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TABLE II. — Relative flux of x-particles as a function of energy at high geomagnetic latitude, 
and corrected to the top of the atmosphere. 


nergy interval of of flux in the Absolute flux 
(MeV /nucleon) indicated energy interval «-particles/m? s sr 
cda È | = ho 
A= 150 È 5% | =< 5) 


150 < E < 300 


52 + 10 


a = | 

| 

300 < E < 500 24+7 % 70 + 20 
E < 500 4247 % 120 + 20 

| 500 < E SE Neo 170 + 20 

| 150<E< oc > 95% | 290 + 20 


agreement with the measured cut-off energies over the United States. Recent 
determinations of the geomagnetic equator also appear to be in disagreement 
with the position as deduced on the basis of an eccentric dipole model, even 
using the most recent magnetic data. 

It has been suggested by ROTHWELL [4] that the cosmic ray co-ordinates 
seem to be in much better agreement with the dip magnetic co-ordinates of 
the earth than with the co-ordinates as deduced from the eccentric dipole. 
Our measurements, together with the English measurements, are in agreement 
with Rothwell’s suggestion. The line of 71° dip in the northern hemisphere 
passes through Missouri, where our measured cut-off energy is 300 MeV/nucleon. 
The same line of dip crosses the British Isles at approximately 58° N geographic 
latitude. Although the cut-off energy has not been measured in northern 
England WADDINGTON [2] has observed a cut-off energy of 600 MeV/nucleon 
at a geographic latitude of approximately 52° N. If we assume that a line 
of constant magnetic dip represents a line of constant cut-off energy, we would 
therefore predict that over northern England at a geographic latitude of 58° 
the cut-off energy should correspond to northern Missouri, that is, 300 MeV /nu- 
cleon. If the change of cut-off energy with latitude corresponds to the Stormer 
equation, then the cut-off energy over England at 52° N geographic latitude 
would be 700 MeV/nucleon, in good agreement with the 600 MeV/nucleon 
measured by WADDINGTON. Another way to state this result is to give the 
difference in geographic latitude between longitude 0 (England) and longi- . 
tude 90° W (mid United States) which will produce the same magnetic dip, 
geomagnetic co-ordinate or cosmic ray cut-off energy. This difference, (English 
latitude less American latitude) is +16°+1° for equal magnetic dip, +14°--1° 
for equal cosmic ray cut-off energy, and +6°-+1° for equal geomagnetic co- 
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ordinates. It thus appears that the «-particle measurements made so far over 
England and the United States are consistent with the hypothesis that cosmic 
ray co-ordinates are more nearly determined by the dip co-ordinates of the 
earth’s magnetic field than by the eccentric dipole geomagnetic co-ordinates. 

Because of the possible effect of solar activity on cosmic ray particles, 
Fig. 5 shows the times during the solar cycle at which the experiments reported 
here were made. Because the experiment conducted at high latitude (Saska- 
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Fig. 5. — Plot of Zurich sunspot numbers to indicate solar activity at the times when 
the experiments reported here were carried out. 


toon) was made during the sunspot minimum, it is quite clear that this does 
represent the pre-existing cosmic ray flux unaffected by the earth’s magnetic 
field or by solar activity. Reference to Table I shows that the flux measured 
at Iowa during a period of high solar activity had the same absolute value as 
that at Saskatoon. The spectrum was identical in terms of energy spectrum 
as well as total flux, and it appears therefore that these measurements indicate 
no correlation or anti-correlation with the sunspot cycle within our statistics 


of +10%. Since the measurement at Missouri was made during an active 


Solar period, it might be argued that the cut-off energy measured in this 
experiment was imposed by solar activity rather than by the earth’s field. 
The previous arguments concerning cosmic ray latitudes, however, would be 
altered, then, in the following way: If the cut-off produced in Missouri were 
produced by solar activity rather than the earth’s field, the earth field cut-off 
would be at least as low an energy as that found, namely 300 MeV/nucleon. 


If the cut-off were not earth field imposed, the discrepancy with geomagnetic. 


co-ordinates would be even more severe than we have indicated. 
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3 — Conclusions. 


The series of flights made in North America have shown that cosmic ray 
cut-off energies cannot be computed with conventional geomagnetic co-ordinates. 
The measured cut-off indicates that the effective cosmic ray latitudes in the 
United States are 4° higher than would be obtained from conventional geo- 
magnetic co-ordinates. This effect is opposite to the effect observed in England 
where WADDINGTON found that cosmic ray cut-off energies indicated effective 
cosmic ray co-ordinates 4° lower than those given by geomagnetic co-ordinates. 
The measurements reported here, taken together with the English measu- 
rements, appear to be consistent with the suggestion of ROTHWELL that cosmic 
ray co-ordinates more nearly resemble the magnetic dip co-ordinates of the 
earth than they do the geomagnetic co-ordinates of the earth. Over the period 
of the sunspot cycle which these measurements cover, there appears to be no 
evidence within the statistics of our experiments (i.e. + 10° for individual 
absolute flux measurements) of a correlation between the «-particle fluxes 
and the solar activity. 
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1. — Introduction. 


A new detector employing both a Cerenkov counter and a scintillation 
counter has been developed for measuring the cosmic ray charge and energy 
spectrum. A diagram of the telescope is shown in Fig. 1. A coincidence occurs 
when a particle traverses the Nal crystal and the lower tray of Geiger counters, 
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and for each such event the pulse 
heights from the scintillation counter 
and from the Cerenkov counter are 
recorded on moving film. The ex- 
pected variation of Cerenkov pulse 
height vs. the most probable [1] 
energy loss in the scintillation crys- 
tal as /, the particle velocity, is 
varied from 1 to 1/n (n is the index 
of refraction of the Lucite radiator), 
is shown in Fig. 2. For B<1jn 
(kinetic energy < 320 MeV/nucleon) 
the theoretical Cerenkov pulse height 


is zero. In actual practice there is 


Fig. 1. — Schematic drawing of telescope. 
Showers and multiple particle detection is 


achieved by noting whether one of the ring of guard counters or more than one counter 
in the bottom tray is triggered by a given event. 
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will not overlap due to the Fig. 2. — Plot of Cerenkov pulse height in 1” lucite 


short range of protons in radiator vs. most probable energy loss for protons 
this interval. and « in 1/8 in Nal crystal. Fast upward moving 
particles will be located along line A-B due to the 


Since both detectors are à o 
directional properties of the Cerenkov radiation. 


velocity sensitive, it is pos- 
sible to measure directly 
the energy spectrum of « and protons in the range 150 to 900 MeV/nucleon. 
By studying the energy spectrum as a function of latitude, it is possible to 
determine effective geomagnetic cut-off energies. In addition the variations 
of the energy spectrum with time can be observed. 

This report will deal with the « and proton energy spectra, « cut-off 
energies and temporal variations that have been obtained with a series of 
six skyhook balloon flights. All.except one of the 6 skyhook flights reached 
an altitude greater than 114000 feet (6 g/cm?). The attainment of these very 
high altitudes greatly reduced the magnitudes of the corrections for energy 
loss in the atmosphere, fragmentation and loss of particles due to nuclear 
interactions. 


2. — Alpha energy spectrum. 


The « integral and differential energy spectrum data are collected in Table I 
and plotted in Fig. 3 and Fig. 4. The two flights which have been excluded 
from these data occurred during periods when there were large fluctuations in 
the neutron intensity. The « differential spectrum has a maximum in the 
vicinity of 325 MeV/nucleon and decreases at lower energies. It is found em- 
pirically that general agreement is obtained with a differential spectrum of 
the form 

dI, (415)(1.5){ 1—exp [80 E°] } 
dE (Eee 


particles/m? s sr MeV 


where J), (>) is the vertical flux of primary «-particles with kinetic energy 
> E (measured in GeV). The integral of this function is in good agreement 


whit the integral flux data over the range .150 to 7.3 GeV/nucleon. 
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Fig. 3. — « integral energy spectrum data collected from 4 flights. The dotted line 
represents és 
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At energies greater than 350 MeV/nucleon this is identical with the power spectrum 
shown as a solid line. 


In the range .350 to 7.3 GeV/nucleon the integral spectrum is accurately 
represented by: 
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TABLE I. — Summary of « data obtained with Cerenkov-scintillation counter. 
Flight ITI 7 July 1955 A= 55° 

| Energy £ (GeV/nucleon) | No. of «-particles/m? s sr with kinetic energy > È 
0.280 306 + 25 | 
0.320 294 + 25 | 
0.436 | 261 + 20 | 
0.563 | 225 + 20 
0.883 | TSS 

Flight VIII | 21 August 1956 A = 55° 
| Energy # (GeV/nucleon) | No. of «-particles/m? s sr with kinetic energy > 
| 
| 

0.153 298 + 25 
0.167 297 + 25 
0.204 | 290 + 25 
0.249 | 279402 
0.316 | 260 + 21 
0.350 250 + 20 
0.487 | 217 + 16 
0.730 | 167 + 14 

| Flight I 17 January 1955 A= 41° N 

| Jo, (E = 1.65 GeV) = 90 + 9 particles/m? s sr 

| Flight XI 30 January 1957 A= 3° N 

| Jon, (E = 7.3 GeV) = 18.0 + 2 particles/m? s sr 


3. — Proton flux and energy spectrum data. 


The properties of the Cerenkov-scintillation detector are such that fast 
downward moving particles are readily distinguishable from splash albedo and 
slow secondaries. At Z=0 it was observed that a plot of log counting rate 
vs. pressure had a constant positive slope in the region 6 +34 g/cm? and a 
— 18% correction was necessary to extrapolate the counting rate at 6 g/cm? 
to 0g/em?. An upper limit to the proton flux is obtained by assuming no 
returning albedo and a lower limit by assuming all the vertical splash albedo 
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appear as returning albedo. The following flux values are measured: 


At A z= 0° 
Upper limit  Jy(E 215.3 GeV) =115+12 particles/m? 8 sr 
0 g/cm? atm. depth 
Lower limit J(E =>15.3 GeV) = 90+12  particles/m? 8 sr 
0 g/em? atm. depth 
Si vero er 08) = 19+3 particles/m?ssr 
tame co Leo ge) = 12+3  particles/m? 8 sr 


(100 MeV < EF < 300 MeV) = 12.5+3 particles/m? s sr 


slow protons 
At A= 41° 


(assuming .5 splash albedo appears as returning albedo) 
J, (H > 4 GeV) = 550 +70 particles/m? s sr. 


In the region 2 = 0°-- 41° the proton energy spectrum can be represented by 


6 600 


particles/m? s sr. 


The « and protons have the same energy spectrum in the region A=0° = 41°. 
This conclusion will not be altered by moderate changes in geomagnetic cut-off 
energies. The proton spectrum presented here is not valid for energies less 
than 1.5 GeV. It is possible that a modification to this spectrum similar to 
that suggested for « might be appropriate in the low energy region. 


4. — Alpha geomagnetic cut-off energies in the region 4 = 51°- 54° 


A measurement at 7=55° revealed that « of all energies down to 
150 MeV/nucleon (the atmospheric and apparatus cut-off) were present (Fig. 4). 
The calculated cut-off energy at 55° is 330 MeV/nucleon. This is in agreement 
with the data of FOWLER et al. [2] at 55°. In one flight on March 20, 1956, 
the balloon followed a trajectory extending from southern Iowa into central 
Michigan (Fig. 5). By dividing the scintillation data into two intervals of time 
it was possible by subtracting the distributions to obtain the flux and energy 
distribution of new particles arriving between two mean latitudes. In a similar 
manner, the scintillation counter data in the « region can be compared with 
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Fig. 5. — Trajectory of 3 skyhook flights. Periods A, B and © are indicated along the 
trajectory (see Fig. 6). 


that obtained with a flight at a higher 
latitude. These three distributions are 
plotted in Fig. 6 along with the distri- 
butions that result when a subtraction 
technique is used. A summary of the 
pertinent cut-off data is presented in 
Table II. In general a 4° shift of latitude 
co-ordinates would bring the mesaured 
cut-off energies into agreement with the 
calculated value. This shift is much 
greater than the experimental errors in- 
volved in measuring the cut-off. Clearly 
standard geomagnetic theory is not 
applicable to cosmic rays in the latitude 
interval considered here. 


Fig. 6. — Part a) gives the total number of 
counts per unit ionization interval in the 
low energy «region. There exists a small but 
appreciable fraction (25%) of background 
counts in the intervals which are removed 
when the intervals are subtracted. This is 
done in parts 6) and c) and gives the number 
and energy distribution of new particles 
coming in between the mean latitudes. 
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TapLe II. — Summary of measurements of geomagnetic cut-off energies. 
Shift in coor- 
dinates 
Mean geo- Measured calculated 
Geomag- | magnetic cut-off mean cut-off nai 
Flisht. Geographic coordinates| netic lati- latitude | energy energy rod ceri 
No. Period |of endpoints of selected tude definited | between between Lnergion Asa 
and data periods (a) defined by| between selected selected | Sede 
periods |two selected| periods in periods in ih nevi | 
periods |MeV /nucleon|MeV /nucleon| inated once 
gies 
| 
VI A | 41°30’ N,90°43' W | 51° N B-A | 
| ; = ia | ! 
20-3-56 42°36' N,88°09' W | 52°16’ N| 52°16’ N | 225+25 | 455 MeV | 4°15 
| | 
B 42°36’ N,88°09' W | 52°16’ N C-B | | 
43°43' N,87°00' W | 53°30’ N| 53°10’ N | 160+15 | 400 MeV | 5° 
VII C 44°34' N,92°40' W | 54° N 
17-8-56 44°30’ N,97°43' W | 53° N 
Vv D 42°12’ N,87° W 51°40’ N D 
13-3-56 42°40' N,65°30' W | 53°05’ N| 52°23’ N | 220+30 | 445 fado 
a) see Fig. 5. 


5. — Time variations. 


A flight was launched on 13 March 1956 during a large Forbush decrease. The 
neutron counting rate at Mount Washington, N. H. and Sacramento Peak, N. M., 
was 10.5 and 13% below the counting rate during flight III on 7 July 1955. The 
latter flight occurred during what may be regarded as a quiet cosmic ray period. 
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Fig. 7. — Differential and integral « energy 

spectrum for flight V (13 March 1956) and 

flight III (7 July 1955). In both cases the 

absence of data below 270 MeV/nucleon is due 
to amplifier subtraction. 


The « differential and integral 
energy-spectrum data for these 
two days are plotted in Fig. 7. 
These data indicate that during 
the decrease occurring around 
13 March 1956 the low energy 
particles are not affected more 
strongly than the high energy 
particles (E>800 MeV/nucleon). 

Indeed the data suggest 
there was a large diminution 
of «-particles with energies 
> 800 MeV/nucleon and that 
particles in the energy region 
(300 = 600) MeV/nucleon were 
not as strongly affected. 
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The Charge Spectrum of the Cosmic Radiation at 41° N. 


M. KosHIBa, G. ScHuLTZz and M. SCHEIN 
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Summary (*). — From a large stack of GK5 emulsions flown at Texas, 41° N 
geomagnetic latitude, the charge spectrum of the cosmic radiation at 10400 feet was0 
obtained. Special emphasis is given to the observation of the detailed shape of the 
spectrum in the region Z 9. The gap-counting is extensively used even at these hig 
Z values after very careful calibration with break-up events and $-ray countings. The 
charge spectrum thus obtained was extrapolated to the top of the atmosphere by 
making use of the fragmentation probabilities in air which were obtained from the 
analysis of a total of 209 interactions in the same stack. This extrapolation gives for 
the ratio of the light nuclei, L, (Z=3,4 and 5) and the heavy nuclei, H, (2 >9), to 
the medium ones, M, (Z=6, 7 and 8) the values 0.32 --0.07 and 0.48 +0.10, respectively, 
at the top of the atmosphere. The fragmentation probabilities in hydrogen, the main 
constituent of interstellar matter, were also obtained from the careful study of the 
interactions in the stack and allowed to make a further extrapolation of the charge 
spectrum from the top of the atmosphere to the one at the source region of the cosmic 
radiation. The ratio of the heavy nuclei to the medium ones was found to be 0.66 +1.6 
at the source. This charge spectrum at the source region is compared with the average 
chemical abundances of the elements in the universe as well as with those in certain 
types of stars. The results seem to indicate a close similarity of the chemical abundance 
curve of the cosmic radiation with that of certain types of young stars. 


(*) The complete paper has been published in Nuovo Cimento, 9, 1 (1958). 


SUPPLEMENTO AL VOLUME VIII, SERIE X N. 2, 1958 
DEL NUOVO CIMENTO 2° Trimestre 


Flux of Primary Helium Near the Geomagnetic Equator. 


M. M. SHAPIRO, B. STILLER and F. W.. O’DELL 


U. S. Naval Research Laboratory - Washington, D. C. 


The abundance of the elements in the primary cosmic radiation and the 
nature of their energy spectra is of great cosmological interest. In particular. 
this information can help us distinguish between various theories of cosmic 
ray origin and acceleration. The intensity of the helium component, which 
is next in abundance only to hydrogen, is fairly well known from investig- 
ations north of 40° geomagnetic latitude. Until recently, however, the flux 
of primary helium near the geomagnetic equator, where the energy cut-off 
is ~ 6 GeV per nucleon, was not well known. 

The most extensive work on primary He has been done by means of balloon 
flights in Minnesota and in the vicinity of White Sands, New Mexico. The 
magnetic latitudes in these two locations are respectively, 55° and 41° N. 
Of the published values at the latitude of Minnesota, probably the most de- 
finitive are those of DAvis, CAULK and JOHNSON of the Naval Research La- 
boratory, and of WADDINGTON at Bristol. Their values of the He flux at the 
top of the atmosphere, obtained by quite different methods, and uncorrected 
for secondary «-particles due to the break-up of heavier primary nuclei, agree 
exactly, i.e., 320 particles/m? s sr with respective standard errors of 42 and 
36 in these units, which we shall call « peters ». 

The He flux over White Sands, New Mexico (A = 41° N) is probably the 
best determined primary cosmic ray intensity, as shown in the summary of 
WEBBER. The mean flux at this latitude is 90 + 3 peters. 

By contrast, there has been a paucity of He data at very low magnetic 
latitudes. Thus, in 1950, SincER found an upper limit of (14 + 20) peters. 
In 1950 PomeRANTZ published a value of (49 + 13) peters for this intensity, 
and McCLuRE reported an upper limit of 38 peters. 

The equatorial flux is not only of intrinsic interest, but is also required 
to establish with confidence the energy spectrum of the helium component. 
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Therefore, we undertook to measure the flux of helium in a stack of stripped 
emulsion exposed in the stratosphere near the geomagnetic equator off the 
Galapagos Islands. The balloon flight took place in September, 1953. Our 
emulsion stack remained at a rather uniform height above 90000 feet for a 
little over six hours. 

Near the geomagnetic equator the elimination of low energy nuclei by the 
earth’s magnetic field results in low intensities, so a good deal of scanning is 
required to find enough tracks. On the other hand, the flux measurements 
are simplified by the fact that all the primaries are relativistic. The ioni- 
zation loss along the path of such a fast nucleus is close to the minimum value 
for a given charge. For helium, the ionization is very close to 4 times the 
absolute minimum. Thus, if this rate of ionization loss is maintained for a 
certain path length, one can rule out a singly charged particle, and be con- 
fident that the track is due to a helium nucleus. 

In our preliminary search, we wished to pick up every track whose length 
exceeds 5mm per emulsion and which might be due to helium or heavier 
nuclei. The price which must be paid in order to reduce to a minimum the 
danger of missing He tracks is the admission to one’s initial track collection 
of a large number of tracks which, upon further scrutiny, turn out to be due’ 
to singly charged particles. Thus, our first recognition of a track as being 
possibly due to relativistic helium was based upon its grain density being 
anywhere near four times the minimum for singly charged particles. To be 
safe, we adopted a grain density two-and-a-half times the minimum as our 
lower limit for recording a track. 

Out of some 15000 tracks which were encountered and examined, 
~ 1600 met our dip criterion and also had at least a fair chance of being due 
to relativistic helium nuclei. These were grain counted, and then those which 
were still eligible were followed through the stack until they came to rest by 
ionization, or ended in a star, or left the stack. 

The great majority—nearly 1200 tracks—either came to rest by ionization 
or else changed their grain density so markedly with range that they could 
be confidently ascribed to singly charged particles. 328 had to be attributed 
to relativistic He nuclei on the basis of their ionization vs. range; and 136, 
which left the stack, did not change their grain density sufficiently over the 
available path length to reveal their charge with certainty. These remaining 
136 tracks were subjected to multiple Coulomb scattering measurements. 
Now, such measurements are by no means free from error. However, for our 
purposes, the error would have to be at least as large as a few hundred per- 
cent in order to cause a confusion of a fast helium track with that of a singly 
charged particle. 

Table I compares the deflections of singly charged particles with those of 
a-particles having the same ionization loss. 
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TABLE I. — Mean sl oa DR ui particle]. Mean iui Sac of « Lia ) 


l AL a= v=) 
I/Tmin 3 4 5 
eo A pe st 
p | 64 94 126 
| d | 2 47 63 
t 2 31 42 
x 1 


Ideally, one would expect that at 4 times the minimum ionization, «- 
particle scattering would exceed the scattering of protons or deuterons or tri- 
tons by the factors shown in the Table. Even if a gross error in ionization 
measurement could give an estimate of 4Xx minimum when the particle was 
really ionizing at 3x minimum, a deuteron would still differ by a factor of 
30 from an «-particle. In practice, the «-particles in our collection have a 
mean deflection barely distinguishable from the so-called noise, (D ~ 0.12 um) 
whereas the singly charged nuclei produce deflections well above the noise. 

Of the 136 tracks for which we had to measure Coulomb scattering, 81 turned 
out to be due to helium; 49, to singly charged particles, and 6 remained un- 
certain (mainly because they occurred near the corner of an emulsion). Alto- 
gether, 412 helium tracks were identified. For zenith angles between 0° and 
60° we found 340 helium tracks. 

We corrected the observed intensity at altitude for the following effects. 

Attenuation of helium nuclei above the stack, using a mean free path in 
air of (45 + 5) g/cm?. 

Our detection efficiency was determined by having another scanner inde- 
pendently search the same volume for 56% of our total volume. All the 
scanners but one missed less than 4%. One observer missed at a rate of 18%, 
so her volume was completely re-scanned by one of the efficient observers. 

We corrected for the contribution of secondary He nuclei produced by 
fragmentation of heavier primary nuclei above the stack. We estimated and 


TABLE II. — Uncertainty in He flux (%). 


Statistics! e RE. + 5.4 
Error in the rica fxator INI, de: 5.8 

| Error in scanning efficiency. . . . . . . 1.0 
(Geometry = ¢ dieta 1.0 
Heavy primary Dc niribalion eee SS 
Emulsioni WNIT, 6 5 6 o Go oo Oe 3.5 
io aaah A) 5 oy 5 GS 6 6 Bo 6 oO ose 1.0 
Identification efficiency... - - ... - 1.0 
Standard error in flux + 9.1% 
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corrected for the number of helium nuclei incident during the rise and fall 
of the balloon. 

Our value of the primary He flux at the top of the atmosphere, averaged 
between 0° and 60° of zenith angle, is (22.3 + 2.0) peters. 

Table II shows how we arrived at an estimate of the uncertainty. These 
numbers, except for the first, are errors in the correction, factors, and not 
the magnitudes of the corrections themselves. 

If we combine our measured intensity with those at 41° and 55° to fit the 
numbers to a power spectrum, we obtain (see Table III): 


IN ia (350.5 50) Wo =" peters, 


where W is the total energy in GeV. 

This may be compared with the power formula arrived at by FOWLER and 
WADDINGTON (F.W.), who based their result on two integral fluxes at two 
low cut-off energies. 


TABLE III. — Spectrum of primary He (*). 


A Wes Jf | 
10° 6.98 Ih 22 

41° 2.53 90. + °3 | 
55° 1.23 320 + 23 


Sy eet (350,25 50) WA 010 NRE) 
>W | (370 + 90) W-150+018 (F,W.) 


’ @&) Uncorrected for secondary helium, to permit comparison 
with results of others workers. 


Because of the uncertainty in the absolute primary fluxes of hydrogen at 
various latitudes, it does not appear feasible at present to give a definitive 
figure for the relative abundance of helium and hydrogen in the cosmic ra- 
diation. We can, however give a reasonable lower limit by combining our 
results with those of McCLURE which were obtained at the some location 
and time. MCCLURE gives an upper limit of 145 peters for the hydrogen flux 
at this latitude. Thus, the ratio of He to H probably exceeds 1 to 6.5. 
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The Light and Medium Nuclei in the Cosmic Radiation. 


C. J. WADDINGTON 
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As part of an extensive investigation into the complete charge spectrum 
of cosmi¢ ray nuclei the relative abundances of the L (3 = 7Z.< 5) and M 
(6 < Z<9) nuclei have been determined. This investigation used a nuclear 
emulsion detector. The results obtained using a densitometer on the H-nuclei 
(Z > 10) will be reported by R. R. HILLIER (*). 

The stack of stripped nuclear emulsions used was exposed for 5.75 hours 
at a height of 106000 feet over Northern Italy, and the cut-off energy for 
multiply charged particles has been determined to be (1.55 + 0.06) GeV per 
nucleon [1]. It consisted of. 80 600um G-5 emulsions measuring 15 em X20 cm 
and was normally developed. 

Bach emulsion had a line scan made across it, 1 em below the top edge, 
for tracks with a grain density more than seven times minimum and a length 
greater than 3 mm per plate. These tracks produced by heavy primaries’ were 
identified from a visual estimate of the multiple scattering and by tracing 
them through the emulsions. Only tracks longer than 6mm per plate and 
with zenith angles of less than 60° were considered in this part of the inves- 
tigation. 

The ionization, and thus the charges, of the L and M- -nuclei, were measured 
by two statistically independent methods, 5-ray counting and blob-gap count- 
ing [2] on the cores of the tracks. 

Blob-gap counts were originally made on all the tracks of particles whose 
charges had been estimated from a preliminary d-count to be seven or less. 
Similar measurements were then made on all the remaining tracks in one 
half of the stack, characterized by its small grain size, whose producing par- 


(*) In this issue, p. 520. 
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ticles were shown by the densitometer measurements to have charges of less 


than ten. The distribution of the blob-gap density g, is shown in Fig. 1, where 
those particles of charge seven and greater have been increased by a factor 
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of 1.87 to allow for the unmeasured particles. The curve shown in this 
figure was obtained by representing each determination as a triangle of 
constant area and base width equal to twice the standard deviation. The 
charge scale was calibrated 
from measurements made on 
protons and «-particles, and 
from the observation of 
charge indicating interact- 
ions, Fig. 2. 

d-ray counts were made 
on all the tracks of those 
particles which, from the 
blob-gap measurements, had 
5<Z<10, but care was 
taken to ensure that the 
precise charge derived from 
these measurements was not 
Pie y 23 known while the 3-ray den- 
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sity was being determined. The results of these counts are shown Fig. 3. The 
charge calibration was based on measurements made on particles producing 


charge indicating interactions. 

A comparison of the mea- 
surements is shown in Fig. 4, 
which gives a plot of the 
square root of the $-ray 
density, VN;, against the 
blob-gap density. In this fi- 
gure lines of half integral 
charge are shown, so that 
points lying inside completed 
squares bounded by these lines 
represent tracks on which 
the same integral charge was 
measured by both methods. 
The overall agreement bet- 
ween these measurements is 
an important check on the 
correctness of the derived 
spectra. 

The numbers of particles 
of each charge found by these 
measurements are shown in 
Table I. In this table the 
numbers of particles on which 
the blob-gap measurements 
were made are given in brack- 
ets. Also shown are the 
mean numbers N, of particles 
of each charge. To these mean 
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numbers a correction for scanning loss, determined by rescanning, has to be 


added of 40% for Lithium and about 5% for the other nuclei. 


After a 


TABLE I. — Numbers of particles found from 3-ray counts Ns, and blob-gap counts N,. 


Li Be B C N ©) Pe 2105) 
Ns 20 18 30 64 41 48 9 45 
N, 20 15 29 6 (53) | 54 (28) | 46 (24) | 10 (6) 45 
N 20 16.5 29.5 60 47.5 47 9.5 45 
(*) Determined from densitometer measurements. 
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further correction for those particles that entered during the ascent of the 
stack to ceiling altitude, the observed fluxes of the L, M and H-nuclei were: 


Jz = (2.02 + 0.24) particles/m? srs, 


Juz = (4.29 + 0.33) particles/m? srs, 


Jaye = (1.35 + 0.16) particles/m? srs. 


These values have been corrected to the top of the atmosphere through 
4.8 g/em? of emulsion and 12 g/cm? of air, using the Bristol fragmentation 
probabilities [3], and gave values of: 


Jp) = (2.3 + 0.4) particles/m? srs, 
Jyo = (6.1 + 0.6) particles/m? srs, 
Jeo = (2.5 + 0.3) particles/m? srs , 


so that J.s/Jy= 0.37 +0.07 and JzolFyo= 0.41 + 0.06. 

The value obtained for Jj, and thus for J,/Jyw, is very dependent on 
the values used for these fragmentation probabilities. If, for example, those 
obtained by Noon and KAPLON [4] had been used instead, then J,, would 
be near zero. However, the values given for the Bristol figures are believed 
to be upper limits, and therefore the true value of J,, is unlikely to be much 
less than the quoted value. 
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The Flux of Medium and Heavy Nuclei 
in the Cosmic Radiation Near the Equator. 


C. J. WADDINGTON 
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A determination has been made of the fluxes of the M (6<Z< 9) and 
H (Z> 10) nuclei in the primary cosmic radiation, using a stack of nuclear 
emulsions exposed over Guam (A = 4° N), at an altitude of 101000 feet for 
7 hours. 

The emulsions of this stack were scanned for the tracks of heavy nuclei 
with a length of more than 4mm per emulsion, and a determination of the 
charge made by d-counting. The quality of these 3-counts was such that a 
clear resolution was achieved between particles of the various charge groups. 

The fluxes of the M and H nuclei in the emulsions, and extrapolated through 
17 g/cm? of air to the top of the atmosphere were: 


Je = (0.66 + 0.08) particles/m? sr s 
Ie = (0.18 + 0.04) particles/m? sr s 


Jyo = (0.95 + 0.11) particles/m? sr s 
Iso = (0.35 + 0.08) particles/m? sr s 


and 


Title= 0.87 Se 0,098 


It can be seen that the ratio of J,./Jy. is the same as that found at lower 
cut-off energies (see previous paper), indicating that the energy spectra of 
the two charge groups are the same over most of the latitude sensitive region, 
in disagreement with the prediction of SINGER [1]. 

Using the figures given by Jory [2] the vertical cut-off energy over Guam 
for multiply charged particles would appear to be about 7.2 GeV per nucleon, 
but is somewhat uncertain due to the controversy regarding the applicability 
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of geomagnetic theory. Assuming this value of the cut-off energy, these flux 
values together with those obtained over Northern Italy (see previous paper) 
at a cut-off energy of 1.55 GeV per nucleon [3], give the energy spectrum 
of the M and H nuclei. This integral spectrum is commonly expressed in 
the form N(> E) = C/(m,c?+£)", where C and » are constants, N(> £) is 
the number of particles with an energy greater than £, and £ is the kinetic 
energy in Gev per nucleon. For the M nuclei C=25.4*7î and n=1.57-+0.12, 
while for the H nuclei. C= 11.3773 and n= 1.66 + 0.21. 

WEBBER [4] has made a more recent calculation of the cut-off energies, 
and suggests a value of 7.6 GeV per nucleon. In this case n for the M and 
H nuclei is 1.50 + 0.12 and 1.59 + 0.20 respectively. 

It may be noted that these values are in good agreement with that de- 
rived for the «-particles [3]. 
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The charges of relativistic nuclei in nuclear emulsions can be estimated 
by measuring the d-ray densities along their tracks. In view of the difficulty 
experienced in visually counting d-rays on the tracks of nuclei with 2 > 10, 
an attempt has been made to measure these 6-ray densities using a photo- 
metric densitometer. 

The densitometer is illustrated in Fig. 1. The track under observation is 
scanned by the rapidly rotating cuboid and the voltage from the photomultiplier 
tube is applied to the horizontal plates of the cathode ray oscilloscope. A 
typical trace on the oscilloscope is shown in Fig. 2. 
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Fig. 1.— Diagram of the photometric Fig. 2. — An illustration of a typical trace on the 
densitometer. 


oscilloscope. 


THE HEAVY NUCLEI IN THE COSMIC RADIATION 5 


bo 
i 


The basic principle of the method is to measure the ratio of the obscuration 
produced by the d-rays to that produced by the core of the track. In Jee, 4, 
one measure of this ratio R is (y, — y_)/(Yo —Ya)i Yo IS not shown, but it is 
the value of y at large distances of 7. The cores of the tracks in this region of 
the spectrum are saturated with silver grains, and their blackness does not 
vary with the charge. Thus the ratio, R, is a measure of the d-ray density 
and, from it, a quantity has been calculated which is proportional to the charge 
of the nucleus. 

This experiment was carried out in the same stack used by WADDINGTON, 
and is described in the previous paper. The results of measurements on 
160 tracks are shown in Fig. 3a. The d-ray density was averaged over three 
millimetres of each track. A statistical analysis of the readings showed that 
the standard deviation on a measurement was +4 charge throughout the 
spectrum. 


RIA 16 


Fig. 3. — Histogram of the results. The charge scales are explained in the text. 


The greatest difficulty in the experiment lies in assigning an accurate charge 
scale. The tracks which are shown as shaded squares have been measured 
by WADDINGTON and are believed to be due to oxygen nuclei. If the group 
of tracks at the upper end of the spectrum could be identified, a charge scale 
gould be interpolated. There is no way of definitely identifying these tracks, 
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but the three charge scales which are drawn, show the results of the most 
plausible assumption as to their nature. In this spectrum the flux, in peters, 
of any group of nuclei can be obtained by multiplying the number in the 
group by the factor, 0.014. 

Fig. 3b shows the results of an identical experiment carried out in a 
larger stack of emulsions which had been exposed under similar conditions 
over Northern Italy a year later. These results are not yet complete but they 
are shown in order to improve the poor statistics. Only one of the possible 
charge scales has been drawn. The combined results from the two stacks are 
Shown in Fig. 3c. 

Despite the lack of a reliable charge scale, some conclusions can be drawn 
from the results. It is clear that there are periodic fluctuations at the high 
end of the spectrum; these are most likely to be an « odd-even » effect. The 
variations in the abundances of the different elements are very much smaller 
than those in cosmic abundances. In this respect the spectrum shows more 
resemblance to the fragmentation spectrum from a heavy element such as 
iron. It may be pointed out that, at exposure, there were 15 g/cm? of matter 
between the top of the atmosphere and the regions of the emulsions where 
the spectrum was measured. It is not yet possible to estimate the detailed 
effects of fragmentation, but approximately six of the heavy nuclei in Fig. 3€ 
could have come from the fragmentation of iron nuclei in this overlying matter. 
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Summary (*). — The relative abundance and energy spectrum of heavy primaries in 
the cosmic radiation were derived using 529 tracks found in two stacks flown at high < 
altitude at a mean geomagnetic latitude of 46° North. The amount of atmosphere 
and of packing material above the scanned sections of both stacks was 17 g/cm?. 
A good resolution was obtained in the range 3<Z< 10, while in the range Z > 10 the 
uncertainty was AZ = +1. In order to check the resolution between boron and 
carbon, gap-length measurements were made on 65 boron and carbon tracks. The 
results of the two methods are in good agreement. All tracks were traced through the 
stack and a total of 331 nuclear interactions found, in order to derive the interaction 
mean free path and the fragmentation probabilities. The results on the relative abun- 
dance of the three charge groups (light 3<Z<5 (L), medium 6<Z<9 (M), heavy 
ANG) (H)) on a total of 242 tracks whose angle of incidence to the vertical was less 
than 30° are the following: 


lia i A a Top of the 

| | Flight altitude atmosphere | 

VARA N A AIR CR AA 
NoN | 0.46 £0.07 0.30 + 0.09 

= Nu/Nx | 0.40 4 0.04 0.51 + 0.11 


To obtain the energy spectrum three types of measurements on 275 tracks were made: 
a) relative track to track scattering on the «-particles ejected in the interactions. 
b) mean opening angle of fragmentation products. c) multiple scattering on a few very 
flat primary tracks. The integral spectrum in the range 1.5 GeV —100 GeV Bg iGo fairly 


well with a power law of the type: N(#) = C/(me2+E)", with n = 1.547915. 


(*) The complete paper has been published in Nuovo Cimento, 7, 371 (1958). 
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1. — Introduction. 


Following our recent work on the cosmic-ray flux of light elements (already 
published [1, 2]) we decided, because of the great importance of obtaining 
an accurate light-element charge spectrum, to repeat and extend our measu- 
rements, and to use a number of different and independent methods of iden 
tification. The results are reported in this paper. 

Details of the balloon flight, the stack and the method of scanning have 
already been given in our previous publication [1]; we therefore give only 
a summary here. 

The stack, consisting of 15 sheets of 600-um Ilford G-5 emulsion without 
support, 9in.x10in., was flown for six hours at an altitude of 110 000 feet 
(3.6 g/cm?). The average thickness of packing material was 2 g/em?, and the 
total effective amount of material above the stack was less than 11 g/em?. 
The flight took place at San Angelo, Texas, geomagnetic latitude 41° Non 
6th February 1957. The emulsion sheets were vertical during the flight. 


2. — Seanning and selection criteria. 


One of the outer plates was scanned for tracks satisfying the following 
criteria: projected zenith angle < 45°, projected length per plate > 2 mm, 
grain density — 10 times plateau value (200 grains counted). Tracks were 


(*) Also supported by the Nuclear Research Foundation within the University 
of Sydney. 
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accepted for analysis only if their projected zenith angle was less than 30°, 
and their length per plate more than 3 mm. These criteria led to the ac- 
ceptance of all relativistic particles of charge 4 or greater, but tracks of 
relativistic Li nuclei were rejected. An additional scan in which all tracks 
with a grain density of more than seven times the plateau value were 
accepted was made on part of the same plate in order to find the tracks of 
Li nuclei. 

The tracks of slow particles were eliminated by following all tracks 
satisfying the scanning criteria over a range of more than 4.5 cm. All non- 
relativistic particles having a grain density g >10g,, in the scanning plate 
either stop or show a significant increase in grain density over this range. 

Further details of our scanning and selection methods were given in our 
previous paper [1]. 

A total of 144 tracks of relativistic nuclei in the range 4<Z<10 were 
found in this way; all of these were included in the charge distribution obtained 
by S-ray counting, the 
distributions obtained by 2-5 
other methods are based 
on an (unbiassed) sample 
of 86 tracks. 

The average numbers 
of relativistic tracks found | 
satisfying our acceptance 
criteria were 0.41 per cm? 
(30°,3 mm) and 0.67 per 
em? (45°, 2 mm). 


DELTA-RAY DENSITIES 
144 TRACKS 
11 June 1957 


Area corresponding 


to one track: Eq 


Tracks plotted as friangles 
with base 20 


2-4 


3. — Delta-ray counting. 


Fig. 1 shows the re- 
sults of the $-ray counts 
on all the 144 tracks. 
Each track is plotted as a 
triangle of unit area with 
base width of two stan- 
dard deviations: thus the 
area under the curve, not 
the height of the peak, is a 
measure of the abundance 05 10 
of each charge. In almost ~~” E Pill’ ua! 
all cases the number of Fig. 1. — Distribution of 3-ray densities. 
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5 rays counted was 50, so that the d-ray density obtained for each track had 
a relative standard deviation of 14%. 

As is clear from the appearance of Fig. 1, the resolution obtained in the 
critical region around charges 5 and 6 is very good. The method of assigning 
the charges as given in Fig. 1 will be discussed in Sect. 4 below, but it can 
already be pointed out at this stage that in view of the resolution obtained by 
means of «-ray counting the centre of each resolved peak in Fig. 1 must 
correspond to an integral value of Z. 


4. — Charge calibration. 


A basic problem in nuclear-emulsion work on heavy nuclei is to find a 
reliable method of assigning charges to the peaks found in the distributions 
of d-ray densities and other track characteristics. The most satisfactory way 
is to make use of the fact that in some collisions of fast heavy nuclei with single 
nucleons in the emulsion the incident nucleus breaks up completely into singly 
and doubly-charged particles so that it is possible, in principle, to find the charge 
of the incident nucleus by adding up the charges of the fragments. However, 
if one or more of the fragments are singly-charged it is possible that they came 
from the struck nucleus or that they are mesons produced in the collision; 
in a reliable calibration event, therefore, all the fragments should be «-particles 
or heavier nuclei. 

We have found only one such event: a break-up of the type Be > 2 «. 
The event was very carefully examined by five different observers all of 
whom agreed that the secondaries were two « particles, and that there were 
no other secondaries. The primary must therefore be a Be nucleus, and this 
leads to the assignment shown in Biel: 

Our second method of charge calibration is based on measuring the total 
gap length and the Fowler-Perkins parameter on slow identified protons at 
residual ranges at which these quantities have values corresponding to 16 x, 
25 x, and 36 x minimum ionization. We also measured these characteristics on 
86 of the 144 tracks used in the analysis (see Sect. 5 and 6 below) and we were 
thus able to assign values of charge to the peaks in the d-ray distribution. 

In calculating the residual ranges at which the tracks of slow protons have 
the same characteristics as relativistic heavy nuclei of various charges, it is 
important to use the «restricted » rates of energy loss, that is rates of energy 
loss in AgBr to electrons which lose most of their energy in the grain in which 
they were produced. This requirement means that only those elementary acts 
are considered in which electrons with energies below a certain limit are 
produced. 

Values of the restricted rates of energy loss have been given by BARKAS 
and YOUNG [3], who used an upper limit to the energy transfer of 5 keV and 
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an average ionization potential for AgBr of 376 eV. Recent work by ALEX- 
ANDER and JOHNSTON [4] suggests, however, that energy transfers up to 
30 keV should be admitted and that the average ionization potential should 
be 537 eV. 

In our calculations we have used both sets of values and, in addition, the 
combination of a maximum energy transfer of 30 keV and an ionization po- 
tential of 376 eV. The resulting restricted rates of energy loss are shown in 
Fig. 2. Also shown in Fig. 2 are the calculated minimum restricted rates of 
energy loss for various charges and the residual ranges at which proton tracks 
should have the corresponding characteristics (the fourth value of the proton 
ranges was obtained by combining the 30 keV/537 eV minimum value with 
the 5keV/376eV curve «a», to allow for the possibility that the para- 
meters may be different at high and low primary-particle velocities. 


a: Emay= keV, [=376 eV, Imjn=0°881 MeV g”'cm* 
— — bd: Eax=:30keV» I=376eV » min =1-005 MeV g° cm? 
Si Ee Cee =30 keV, =158,7/e VAN Tpin = 0:956 MeVigaliem? 


= 
Te 
> 
a 
= 
= 

INTERVAL USED a ia) 

E 16x POSSIBLE vALUES {_{} tf ttt it | 


PROBABLE REGIONS < 49% , PELLA SEAN a 
Il 


10 20 30 40 50 60 70 8090100 
——> RESIDUAL RANGE IN ym 


Fig. 2. — Restricted rates of energy loss for protons. 


Fig. 2 shows that whatever parameters are used, the residual proton ranges 
corresponding to charges 5, 6 and 7 are well-separated and that the range 
corresponding to charge 6 is defined particularly well. 

The range intervals actually used in the proton calibration were based on 
the tables of BARKAS and Youne [3] (curve «a» in Fig. 2). 


5. Measurement of Fowler-Perkins coefficient. 


A triangle plot of the results of measurements of the Fowler-Perkins coef- 
ficient [5] is given in Fig. 3 which also shows the values for 16, 25, 36 and 
49 times minimum ionization as deduced from the calibration protons. 
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In Fig. 4 are shown the values of the 3-ray densities plotted against the 
corresponding values of the Fowler-Perkins coefficient. The proton charge 


16x 251 36x 49x 
} { + Proton calibration (means) 


Distribution of Fowler- Perkins 
coefficients "6° (86 Tracks) 
Area for one track :U) 


Tracks plotted as triangles 
with base 20 


6000 


Fig. 3. — Distribution of Fowler-Perkins coefficients. 
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Fig. 4. — Correlation between d-ray density and Fowler-Perkins coefficient. 


calibration and the charge assignment as given in Fig. 1 are included 


for 
comparison. 
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6. — Integral-gap-length measurements. 


Measurements of the integral gap length were made by means of a « gap 
counter » developed in our laboratory and similar to those in use elsewhere. 
The results of these measurements are given, again as a triangle plot, in Fig. 5. 
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Also shown in Fig. 5 are the mean values for changes 4, 5 and 6 obtained from 
our nine calibration protons, and the individual values given by these protons. 

In Fig. 6 the correlation between the 5-ray counts and the integral-gap-length 
measurements is shown, again confirming the charge assignment as given in Fig. 1. 


7. — Abundance of the very heavy nuclei. 


In addition to the 144 tracks of nuclei with Z< 10, we also found the 
tracks of thirty nuclei with Z > 10 in the area scanned. At the altitude of 
observation the abundance ratio of the heavy to the medium nuclei as found 
by us is therefore 35%. 


8. — Conclusions. 


The charge distribution for charges in the range 4<Z<9 obtained by 
the three methods is summarized in histogram form in Fig. 7. The $-ray 
distribution is given twice: once for all the 144 tracks and once for the 
86 tracks on which the other distributions are based. 

The good agreement between the results obtained by widely diffe- 


rent methods shows that 
CHARGE DISTRIBUTIONS 
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In order to find the 
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light (Li, Be, B) to the 
medium (C, N, O, F) 
nuclei at the altitude of 
observation, a correct- 
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EE 10.59 Pet 20-51 paper [1]. When this is 
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as given in Fig. 7 are 

: obtained. We conclude 

that the ratio of light 

ais ab - to medium nuclei at 


the altitude of observa- 
Fig. 7. — Histograms of charge distributions. tion is of the order of 0.7. 
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This value is far too high to allow one to admit the possibility that all the 
light elements are of secondary origin. The abundance of boron nuclei observed 
by us is large, nearly as great as that of carbon, and this is a point on which 
we still disagree with some other workers in this field. The reason for this. 
disagreement remains obscure, especially as charge resolution in the region 
of Z=5 and 6 is excellent, 


* OK OK 
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The Charge Composition and Energy Spectra 
of Primary Cosmic Rays and the Energy Balance Problem (*). 


W. R. WEBBER 


Imperial College - London, 


1. — Introduction. 


The purpose of this paper is to summarize the results on the intensities 
and energy and charge spectra of the primary cosmic radiation obtained in 
a series of balloon flights at nominal geomagnetic latitudes of 41.5° and 4° 
using a Cerenkov detector [1, 2]. These results will be compared with those 
obtained by other observers. Finally the implications of these results will 
be discussed. 

In order to facilitate presentation of the results and comparison with those 
of other observers it was found advisable to recalculate the expected geo- 
magnetic cut-off energies for any point on the earth. These cut-off energies 
were determined from the eccentric dipole model of the earths geomagnetic 
field, the position and tilt of the dipole being determined from the data of 
the 1955 British Admiralty magnetic survey. 

The energy spectra for the various charge components of the primary 
radiation as deduced in this paper have been used in a new attempt to explain 
the discrepancy, first noticed by RossI [3], between the amount of energy 
carried into the atmosphere by the primary cosmic radiation and that dis- 
sipated in the atmosphere and underground by the primaries and various 
secondary components. 


a 


2. — Experimental apparatus. 


The experimental flight apparatus used in these experiments is identical 
to that previously described [1, 2]. Briefly the detector consists of a two 
element Geiger counter telescope. Between these two elements is located a 


(*) Work at University of Iowa assisted by joint program of Office of Naval 
Research and Atomic Energy Commission. 
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lucite Cerenkov counter. For each particle that traverses the telescope the 
output from the Cerenkov counter is recorded. A notation is also made when 
a telescope event is accompanied by the triggering of more than one counter 
in each telescope element or by one or more of a ring of guard counters. The 
outputs from the Cerenkov counter are displayed on the face of a cathode 
ray tube which is photographed by a continuously moving camera. The entire 
apparatus is enclosed in an airtight aluminium cylinder. 


3. — Summary of experimental data. 


The pertinent experimental data for the 3 balloon flights; 2 at A= 41°.5 
and 1 at 4=4° is shown in Table I and Fig. 1 and 2. The methods used 
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Fig. 1, A-B. — Pulse height distributions for a-particles at A = 41°.5 and A= 4° (single 
particle events only). 


in the reduction of this data and the discussion of errors involved are given 


in references [1] and [2]. 


20 207 T i fai | 
316 216 | | A esi 
Ss NI | | | 
pa x | (I | 
$12 © 2t4 (a 
= = | 
E & 
a 8 wi 8 
2 vw 
34 St | 
Ss 3 
oO 

12015018! 21 0 40 h 50 70 

PULSE HEIGHT (2 ) PULSE HEIGHT (x) 
A “ B 
Higine2;) 4-8. = Pulse height distributions for light and medium nuclei at A = 41°.5 


and A = 4° (single particle events only). 


35 - Supplemento al Nuovo Cimento. 


534 W. R. WEBBER 
Taste I. — Summary of experimental results obtained at 2 = 41.5° and 4 = 4°. 
Date: Jan. 12 and 19, 1955 Date: Feb. 20, 1957 
Location: San Angelo, Texas i Location: Guam, Marianas Is. 
Avg. alt.: 16.0 g/em? for 600 min (total) | Avg. alt.: 11.0 g/em* for 190 min 
Avg. position at alt: 31°.9 N, 98°.5W | Avg. position at alt: 14°.5 N, 145°.8 E 
i a ae aes LIA ; È Te BI Sa [eee 
Intensity | Intensity | , ln .| Intensity | intensity | 
È } 8 | : iG onent Counts 
SN eae padri lat avg. alt.) at top | ed | lat avg. alt.| at top | 
= ri = ~ es a ame - ra il = E ra sg — ai —_ pe == = = Sa “A — è De I 
protons 21700 | 615+20 | 480450 | protons | 
(Z = 1) | AI | 
| i . = 
alphas 1890 | 5743.5 | 78+5 | alphas | 340 | 10.741.2 | 13.5+1.7 
| ars | (13.0) 
Li 33 | | my 44 | 
light Be 46 | 3.11+0.33| 3.25+0.55 light Be} 7 |0.47+0.18 0.44+0.19 
' (2.28) | | (0.34) | 
B 24 | | B 4 | | 
| | 
| | G | 8 | 
medium | | i medium N | 5 |0.69+0.18 1.02 +0.26) 
| 170 | 5.12+0.60) 9.2+1.2 O 9 | | 
| | | 
heavy | | | heavy | 9 |0.28+0.09 0.52+0.17 
(Z >9) | (Z>9) | | 


4. — Determination of the eccentric dipole (cut-off energies) for 1955. 


In order to facilitate the presentation of the results obtained in this paper 
on the energy spectra of the various components and the energy balance of 
the total radiation and compare these results with those of other observers 
it was felt necessary to derive a set of up to date geomagnetic co-ordinates 
and cut-off energies for all points on the earth. During the magnetic survey 
of 1955 made by the British Navy, Colonial and Foreign governments and 
by the Carnegie Institution of Washington, measurements of the earths mag- 
netic field were made at a large number of positions all over the world. For the 
analysis of these measurements it is customary to introduce a magnetic po- 
tential function. This function is the expanded in spherical harmonics, the co- 
efficients of the expansion being called Gauss coefficients. These coefficients 


are adjusted so that the gradient of the magnetic potential renders a best fit, 


to the experimentally measured field [4]. 

In the study of geomagnetic effects upon cosmic ray intensity, two dif- 
ferent dipole approximations to the earths real magnetic field have been used. 
We shall consider here the second and higher approximation which is an 
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otfeenter dipole located at the earths magnetic center. A line along the 
axis of the centered dipole determines the magnetic axis of the eccentric 
dipole. 

The equations for the magnetic center involve the first eight Gauss co- 
efficients and are given by SCHMIDT [5]. These Gauss coefficients have been 
calculated by FincH and LEATON [6] for the year 1955. Using these Gauss 
coefficients and following the method of Schmidt the magnetic center and the 
tilt of the dipole have been calculated for 1955. These as well as other para- 
meters relating to the earths magnetic field are shown in Table II for the 
years 1945 [7, 8] and 1955. 


TaBLe II. — Parameters relating to the earths magnetic field in 1945 and 1955. 
| | Geographic | Distance from | Geographic. coordinaves 

Year coordinates of | geographic x; 4 
| magnelie Genter FRENA | Center | Off center | Off center 
| pole | pole | dip pole 
peei946) | +140, | (154 E | 400 km TSO NT eo Oc aN 81°.0 N 
| | 70°.2W | 82°.7W | 120°.6 W 
| 1955 | ~ 153 N, 151°.L.E 433 km M/S S220N, 80°.9 N | 82°.2N 
| | | 69°.0W | 83°.3W | 142°.0W 


Note that the magnetic center continues to move away from the geographic 
center thus increasing the eccentricity of the dipole. 

VALLARTA has shown [9] that, as a result of the off center dipole, the 
vertical cut-off energy now depends on geographic longitude, thus qualita- 
tively explaining the cosmic ray longitude effect. This effect on the cut-off 
energies introduced by the off-center dipole can be expressed as a percentage 
correction on the vertical cut-off energies expected from the centered di- 
pole [8]. 

The percentage correction on the vertical cut-off rigidities introduced by 
the eccentricity of the dipole is, following the form of Jory [8]: 

R'— E costs): 


he LT (1 + 0.034 sin (0 — 320°) cos? ANG 
; r'2 Cos 


where R’ is the vertical cut-off rigidity for the eccentric dipole, È is the ver- 
tical cut-off rigidity for the centered dipole, 7’ is the off center radius vector 
in units of earth radii, 2’ is the off center latitude and 7 and © are the centered 
dipole latitude and longitude respectively. (Geomagnetic longitude is measured 
westward from the zero meridian passing through the centered dipole pole 
at 69° west geographic longitude.) 
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In the above expression the term 1/r’? allows for the change in radius vector 
due to the eccentricity of the dipole and is most important at low latitudes. 
The term cos! 2//cos! A allows for the change in apparent geomagnetic latitudes. 
introduced by the eccentricity of the dipole and is more prominent at higher 
latitudes. The third term, 0.034 sin(@ — 320°) cos? 2 which was apparently 
not included in the Jory analysis, takes into account the fact that geographical 
vertical (also centered dipole vertical) is now different than magnetic vertical 
(the line between the observer and the magnetic center). This expression is 

approximately useful only 

near the vertical and for 
| sso A< 60° [10]. The effect 
of the addition of this 
term is to move the longi- 
tude at which the mini- 
mum cut-off energy is ob- 
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Fig. 3. — Percentage change in vertical cut-off energy mes more complicated (see 
per nucleon for particles with A = 2Z due to the Fig. 3). 


introduction of the eccentric dipole. (1955 data). onora Ti 
A gr: ‘centage 


change in vertical cut-off 
energy per nucleon for particles with A = 2Z as introduced by the eccentricity 
of the dipole is shown in Fig. 3 for several geomagnetic latitudes in the 
northern hamisphere. The data are presented in this manner since actual 
measurements of cut-off energies can be made on these components at the 
present time [12-17]. Conversion to percentage change in cut-off energy for 
protons and cut-off rigidity can easily be made using the relativistic relation 
between momentum and energy. 

Note that, in applying these corrections to the calculated centered dipole 
cut-off energies, the geomagnetic co-ordinates of points on the earths surface 
will have changed slightly since the determination of 1945 due to the change 
in the position of the centered dipole pole. To facilitate easy determination 
of the cut-off energies for A = 2Z particles at any point in the northern hemi- 
sphere in 1955, Fig. 4 has been prepared. 

It is not proposed to discuss in detail here the effect this new calculation 
of the expected geomagnetic cut-off energies will have on the conclusions 
reached by SIMPSON [18] and Rose [19] or more recently by the Bristol and 
Minnesota groups [13-15] as well as MCDONALD [17] that world wide discre- 
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Fig. 4. — World wide cut-off energies in GeV per nucleon for particles with A = 2Z 
based on the eccentric dipole model of the earth’s 1955 magnetic field. 


pancies exist between measured cosmic ray intensities and cut-off energies 
and those predicted by geomagnetic theory. It does appear, however, that 
the systematic changes in the earths 


magnetic field over the past 10 years 5090 
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energies. These cut-off energies were determined from the eccentric dipole 
analysis of the earths field discussed in the preceeding section. The experi- 
mental points are fitted with integral number spectra of the form: 


10) Ci 
1 N 2 = 2 


Nhelbo=< 
( r) Ey? 


It is assumed in all cases that y is a constant over the energy intervals. 
Likewise C,, 0, are constants. N, refers to the numbers of particles/m? sr s 
of component « with rigidities (in GeV/c) greater than R = (pe/Ze), or total 
energies/nucleon greater than H, (in GeV). 

In order to determine the integral number spectrum of best fit for protons 
over the latitude sensitive region we have made a comprehensive analysis of 
the experimental measurements on the total intensity of the primary radiation 
at given latitudes. A standard set of corrections is then applied to these 
measurements in order to obtain the corresponding proton intensity. These 
proton intensities are then fitted with spectra of the form N.(> R) = C,/R° 
and N,(> E,)=C /E;' as in the case of the heavier nuclei. 

The intensity measurements analyzed fall into three broad categories. 
1) Measurement of the total intensity above the atmosphere. 2) Measurement 
of the hard component near the top of the atmosphere. 3) Charge discri- 
minating experiments which measure the proton component directly. 

A complete list of measurements and corrections is given in Table III. 

The correction procedure is as follows. 


1) The total intensities measured by the different observers at the 
highest altitudes attained are first recorded. More often than not these inten- 
sities are uncorrected for showers, interactions in the local material and other 
non-telescope events. In some cases trial flights have been made to determine 
the effect of these events [20, 21]. In other cases the frequency of these 
events has been measured in conjunction with the main experiment [17, 22-28]. 
In the remaining experiments no mention is made of these types of events 
[29, 30]. In any case it appears that the correction for these types of 
events has been made in very few of the experiments. For telescopes having 
similar geometrical configurations the percentage of this correction is greatest 
near the equator, (~ 25%) becoming less at high latitudes (~ 10%) [LIZ 
In experiments where the correction for non-telescope events is not given it 
is estimated by taking into account the above latitude dependence and si- 
milarities in geometrical configuration between the experiments. 


2) The corrected total intensity at altitude is then extrapolated to the 


top of the atmosphere using the actual depth-intensity curves obtained by 
the various observers. 


THE CHARGE COMPOSITION AND ENERGY SPECTRA ETU. 539 


3) The total intensity thus obtained at the top of the atmosphere is 
then corrected for the presence of Z > 2 nuclei according to the spectra shown 
in Table IV for these nuclei. At high latitudes proper account is taken of the 
fact that the ionization range of many of these particles is insufficient to pe- 
netrate some of the experimental arrangements. 


4) A final correction is made for albedo, both splash and reentrant. 
A summary of our sparse knowledge on the intensity of splash albedo as 
a function of latitude is given in Fig. 6 [17, 31-33]. The albedo intensities 
are those measured at (10-15) g/em? residual atmosphere. Using the in- 
tensities as given in Fig. 6 plus additional results obtained by ANDERSON [33] 
which indicate a) that the intensity of splash albedo is roughly constant in the 
range (10-50) g/em? residual pressure and hence is not much different at the 
top of the atmosphere, and 6) that this splash albedo is apparently « absorbed » 
with a mean free path ~ 40 g/cm? at 41°, we are able to determine within an 


error of + 50% the amount of splash albedo 


passing through telescopes of various thick- 2003 

5 vw 
nesses at various latitudes at the top of the S È 
atmosphere. The work of WINCKLER and t80/ShE 


ANDERSON at 41° [31] indicated that this 
splash albedo was essentially isotropic at high 
altitudes. This means that, to a rough ap- 
proximation, the reentrant albedo intensity is 
equal to the splash albedo intensity. The 
spectra derived for the various charge com- 
ponents are listed in Table IV. Because Fig. 6. — Intensity o splash al- 
of the method of plotting these spectra, betula function of geomagne- 
; i, tie latitude: a) upper limit for 

N (> E,) will be shown as a straight line splash albedo able to penetrate 
for a constant y,,in Fig. 5 while N,(> R) 30g/cm? of material at 15 g/em? 
will be a curved line for constant y.. residual atmosphere (ANDERSON 
Several points are worthy of mention — [82]); b) splash albedo with 


x 2) sae E> 0.3M,c? able to penetrate 
about these spectra. They are: a bee ert 


1) Within experimental error the inte- residual atmosphere ae 

"rioiditv & --total energ [17]); ¢) as b) only H>0.8M,°; 

gral number rigidity and number-total energy 7) 480) only 0.3Myot< B<0.8Mye?- 
spectra for all components can be represented 
by the same values of y,; or yz. These values 

are best represented by the values yi = 1.45 and y,= 1.38 deduced for «- 


INTENSITY ( 


GEOMAGNETIC LATITUDE 
COMO 2003 0 7409) seb 0lRe Gor 


particles. 


2) The energy spectrum obtained in this experiment for «-particles is 
in excellent agreement with the a-particle spectra of FOWLER and WADDING- 
gon [13] and McDONALD [16]. 
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TABLE III. Determination of primary proton intensities at various geomagnetic latitudes 
(all intensities in particles/m? sr 8). 


Total 


Tote ie ., _|Correc- | 
9 B ee ui a i ion for Corree- | N en proton. in- | 
Observer = T_. |measuredì ri g "vitera ia Z= 2 \tion for) tensity at top 
(GeV) at uf meta eae Ae of at-| Parti- | albedo | of atmosphere | 
ine particles | altitude Lia alos | 
| | 
McDonatp | 17.2 — 140 115 | — 20.| 954 15* 
Rao 16.4 272 |30% | 190 160 Lo") 15" “197 3600 
POMERANTZ | 16.4 265 | 25% (Est); 200 Us 18] To 142-E030 
WINCKLER 15.8 ZA | SO) ZIO dg XO) |) o 1254 30 
POMERANTZ | 14.6 365 | 25% (Est)l 275 2300) MSI) 200189 
Rao 14.5 429 | 25% 3208 25021 20 2094 60 
VAN ALLEN | 13.6 280 _ 280 280 22 70 188+ 60 
McCLURE 13.3 280 | 32% | 185 160 PA IO 118+ 25* | 
WINOKLER | 13.1 310 | 18% (Est) 255 205 | 23 SB 147 e406 7 


WINCKLER 9.4 460 | 15% (Est)| 390 3200) 36 40 | 244+ 50 | 


VIDALE 9.0 570 | 25% | 425 380 | 40 256-315 50 | 
WINCKLER 5.3 ips | ADE | -685 635 | 75 500490228008 
McDonatp | 4.9 = — |; — | 550| — 40 | 510+ 60* 
VIDALE 4.9 890 | 15% (Est)l] 760 | 670 | 90 | 30 | 540+ 90 
VAN ALLEN | 4.6 730 fo 730 730 |"100 | 130 500+ 90 
PERLOW 4.6 790 3 790 790 | 100 | 60 | 630+ 70* 
VAN ALLEN| 2.7 | 1800 = 1800 | 1800 | 220 | 160 | 1420-4220 
WINCKLER 2.6 | 1980 | 5% (Est)! 1900 | 1940 | 190 | 35 | 1715-4220 
Pomerantz | 2.4 | 1680 | 5% | 1600 | 1650 | 175 | 35 | 1440+150 
VIDALE 2.1 | 1900 | 10% | 1710 | 1680 | 175 | 35 | 1470+180 
DAVIS 1.9 | 2060 = 2060 | 1900 | — | 60 | 1840+120* 
WINCKLER 1.9 | 2300 | 5% (Est)| 2180 | 2080 | 205 | 100 | 17754220 
PULLAR LG L610 WW 2% 1580 | 1630 | 175 | 35 | 1420+120 
VAN ALLEN | 1.3 | 2900 = 2900 | 2900 | 280 | 180 | 2440+350 
POMERANTZ | (1.0) | 2260 | 5% (Est)| 2150 | 2300 | 175 | 40 | 2085+160 


TABLE IV. — Spectra derived for the various charge components in the primary radiation 
based on intensity measurements at A = 41°.5 and 4 = 4°, 


Component, En (Total energy) | R (Rigidity) 
Protons 4800/0010 | 4200/00 
a-Particles 300/7192011 | 250/1384011 

SI Ibi 55985 18 bo Er 12/R190+0.30 
(Ch IN, inal ZS NO 40 Re 30/R143+0.18 
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3) The energy spectra obtained in this experiment for the heavier com- 
ponent do not confirm the conclusions of DANTELSON [34] and SINGER [35] 
which indicate not only much larger values of y, but also find these values 
energy, as well as charge, sensitive. The findings of the present experiment 
are closely confirmed, however, by the recent measurements of the Bristol 
Group using photographic emulsions [36]. 


4) The energy spectrum deduced for protons is steeper than has been 
determined in previous reviews [35, 37]. This is due principally to the lower 
equatorial intensities obtained when the different experiments are corrected 
for non-telescope and albedo events. This low intensity is corroborated by 
the work of McDoNALD [16] using a detector which for the first time effectively 
discriminates against albedo, heavy nuclei, and secondary events. Acceptance 
of such a steep spectrum for protons requires that a peak occur in the diffe- 
rential energy spectrum at about #,=2.1 GeV in order for high latitude 
data to give a consistant picture (see Fig. 5). This is at approximately the 
same rigidity (R= 1.8 GeV/c) as the peak in the differential energy spectrum 
for alpha [15, 16] (350 MeV/nucleon. 

To investigate whether, perhaps, in view of the above facts, the number 
spectra for the various charge components follow rigidity spectra rather than 
total energy spectra, available data [12-17, 37] on the best known component, 
the «-particles, have been plotted in Fig. 6. In the first two experiments the 
energies could be measured independently of geomagnetic theory. 

Unfortunately the present data in the latitude sensitive region are insuf- 
ficient to decide between a total energy spectrum with y, constant or a ri- 
gidity spectrum with y, constant. If one desires y to remain constant throughout 
the entire energy range to 10! eV, however, the high energy data slightly 
favor the total energy spectra deduced over the latitude sensitive region be- 
cause of their larger values of y. (See next section). 


6. — Energy balance of the primary radiation. 


The integral number-total energy spectra derived in the previous Section 
have been used in a calculation of the total amount of energy brought in by 
the primary cosmic ray beam. As was first pointed out by Rosst [3], the 
amount of energy brought in by the primary radiation appears to be a factor 
of two higher than that dissipated in the atmosphere by all known processes. 
Subsequent calculations, dealing mostly with the energy dissipated in the 
atmosphere [39-41] have succeeded only in reducing this discrepancy somewhat. 

In order to simplify the calculation of the amount of energy brought in 
by the primary radiation we have assumed that all components have the 
same y, in their total energy spectra and that the value of this exponent is 
constant over the entire energy range from «low » energies to 10! eV. y, has 


(1 | 
TS 
bo 
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then been taken equal to a) 1.5 and d) 1.4. The respective constants for 
p, «, L, M, H nuclei are, in case a): 5300, 330, 10, 30, 10 and in case bd): 
4800, 300, 9, 27, 9. 

The remarkable agreement between the intensities above 10! eV predicted 
by these spectra, which are close approximations to the data in the latitude 
sensitive energy region, and the actual observed intensities of the total ra- 
diation [42-46] and «-particles [13, 42] at these high energies is shown in Fig. 7 
This strongly supports the argument 
that, for protons and « at least, y, re- 
mains constant throughout this enlar- 
ged energy range. 

The total energy brought in verti- 
cally by a given component above a gi- 
ven (E,) 


Ki? min 


in GeV/sr m’ s is 


= [Bar En) dk, ’ 


J 
(2y)min 


where dN (> £,) is the differential num- 

ber-total energy spectrum for that com- 

ponent and (#,),,, is the vertical cut- 
1" 102 10° 105 10 10° off energy in GeV or GeV/nucleon for 
y i 1 = ; that particular component. 

nie lo Predicted intensities of pro- O NE 

tons and «-particles in energy range : Sy oes 

(1012 1015) eV based on spectra derived we have: 


from data in the latitude sensitive re- 
gion. These intensities are compared an\ al © 


ith asured intensities of the total 1 
with measured intensities of the tota sesti fo if mn aos 6). E, ON (> E) dE,, 
ke 


ENERGY) 


radiation and of «-particles in this en- 
ergy region: a) spectra with y, = 1.5; (Ex) min 
b) spectra with y, = 1.4. Measured in- 
tensities are listed in the text under 


where @ is the azimuth angle, 9 the 
the appropriate letter. 


zenith angle and (#,),,, the minimum 
cut-off energy in GeV or GeV/nucleon 
at a given zenith and azimuth angle as given by ordinary geomagnetic theory 
[47]. (Corrected in part for eccentricity of the dipole). 

The solid lines in Fig. 8 show the calculated incoming energy brought in 
directionally (vertically) by the primary radiation using spectra a) and b). 
The omnidirectional curves le approximately 10% below the simple vertical 
calculation. This is due to the fact that at large zenith angles, due to shadow 
cone effects, the minimum cut-off energies in westerly directions are higher 
than would be expected in free space. 
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The incoming energy calculated on the directional (vertical) basis for 
either y; = 1.4 or y,=1.5 is in good agreement with the values of energy 
dissipated in the atmosphere deduced by Komurti [40] at 2 = 3° and 28°. 
However, Komuri’s value at 4 = 55° and the values of Puppr [39, 41] at 
A= 50° lie 10 +25% below either of curves a) or bd). 

The same picture is obtained if we take the results of NEHER [48, 49] who 
has measured the total ionization in a vertical column of air using an omni- 
directional ionization detector. Nehers ionization results have been corrected 
for non-ionizing energy losses as determined from the detailed balance results 
of KoMURI and PUPPI. 

It appears then, that, using the energy spectra derived in this paper, 
reasonable agreement can be obtained between the energy brought in by the 
primary radiation and that dissipated by the 


primaries plus their secondaries in the atmo- DO (b 

sphere for R > 5 GeV/C (4 < 40°). At high- 00 $? | 

er latitudes the ionization and detailed ba- 1200 a | 

lance results give somewhat lower values. AEG 

A possible explanation for this discrepancy ee TS 

is that the wall thickness of the detectors 800 n - ‘ 
upon whose measurements the detailed ba- Di i ce 

lance calculations are based exclude an 240 

appreciable number of low energy partic- sso ICAL CUT OFF RIGIDIT Shi 

les [50]. 0 15 20253 4 56 610 15 20 


It is quite probable that these particles 
contain a larger fraction of the incident i Ì 

: i 5 energy brought in by the primary 
primary energy at high latitudes than they cosmic ray beam with that dissi- 
do at low latitudes where meson production pated in the atmosphere by the 
is more abundant, This would explain the primaries and secondaries in the 
smaller exponent (y; = 1.2) required to fit latitude sensitive energy region. 

dc : ; a) vy, = 1.5; b) y, = 1.4. Detailed 

the ionization and detailed balance results 1 ee 


I i sE ; balance: KomurI [40] 6, PuPPI 
in the latitude sensitive region. and DALLAPORTA [39] X, PUPPY 


Fig. 8. — Comparison of the total 


[41] ©; Ionization: NEHER |, 
* KOK A ° 
NEHER (corrected) @. 
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Energy Spectra of Primary Cosmic Rays 
and the Interpretation of their Origin (*). 


S.-F. SINGER 


University of Maryland - College Park Maryland, 


1. — Introduction. 


This paper reports on a comprehensive analysis of experimental data on 
the primary cosmie radiation. Over the last 10 years more than 100 deter- 
minations have been obtained from ballons and rockets. In determining the 
energy, use is ¢enerally made of the geomagnetic field, i.e. the energy spectrum 
is derived from the latitude variation. But for heavy primaries (inch ding 
a-particles) direct energy determinations can be made by means of photo- 
graphic emulsions and various ionization detectors. 

The last comprehensive review [1] shows the energy spectra of all com- 
ponents as having the same form, namely, an exponent of the integral energy 
spectrum of 1.2. This means that all components of the primary radiation 
have the same velocity spectrum, since 


Me A) = bier, 
where % is a function of Z and where 7 is the total energy (including rest 
mass) per nucleon. The present analysis (2), on the other hand, gives energy 
spectra which are different for the protons and the x«-particles, at least this 
holds true in the latitude sensitive range (which constitutes, however, a small 
fraction of the total range of energies) 


(*) This work has been supported in part by the Air Force Office of Scientific 
Research under Contract AF 18(600)-1038. 
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2. — Results on energy spectra. 


The energy spectra deduced from the analysis of high-altitude data are 
given in Table I. Note that Table I only refers to a restricted range of energy 
values. The detailed analysis of data on which these results are based is given 
in reference [2]. We shall now discuss some of the salient points of this 
analysis. 


TABLE I. — Collected energy spectra of primary components. 
| Range of St PES Flux value 
| Charge validity : = P eee oe = ni a= __| Pps 
| 2 | (E, in | mu SA | | È y 
GeV/nucleon) Best value | Extreme Lone IAT=255S AO 
| | of exponent | 
see = = | == — —|| — =. 
| | | | 
H ILE Ae) 4000 #715 |. 1.05. to 1.25 1900+} 180 
| | ì | 
He 15+ 8 460 E;1-5 Ney “aitox VNe7i | 300 ZO 


21. «-particles. — The «-particles are least subject to any controversy. They 
are not subject to the albedo problems of the protons, nor to the problems 
of absorption and difficulty of identification which are peculiar to the heavier 
nuclei. Up until 1956, the form of the spectrum of a-particles was in contro- 
versy; since then the low flux value at the equator obtained from rocket- 
borne, low-efficiency telescopes has been confirmed by photographic plate 
determinations of the flux [3]. At other latitudes the differences between 
experimenters are minor (after proper corrections for geomagnetic co-ordinate 
shifts) so that we can consider the «-spectrum as well established. 


2°92. Protons. — The flux value of primary protons has been obtained at 
4— 55° and 0°. The main problem is the elimination of upward-going and 
re-entrant albedo (*). Three methods have been employed to make cor- 
rections: they all give concordant results. i) Good geometry absorption measu- 
rements and measurements with Cerenkov counters. ii) Use of geomagnetic 
effects, such as east-west asymmetry. iii) Calculation of albedo based on 
empirical cosmic ray data. The situation is especially critical at the geo- 
magnetic equator, since there albedo particles will loop around magnetic lines 
of force and, depending on their lifetime (or looping factor), their contribution 


(*) Ail experiments, even those claiming to eliminate albedo, must be carefully 
analyzed to see: (i) if they generate any albedo of their own, (ii) if true primaries 
are not subtracted out in the analysis. A measurement with a «time of flight » scin- 
tillator telescope seems to be desirable. 
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could be large. In fact, it has been possible to analyze the albedo contribution 
there quite precisely, so that we have confidence in the high equatorial flux 
for primary protons, and therefore in the rather flat energy spectrum for 
primary protons. (For details of the analysis, see reference [2]). 


3. — Discussions. 


Until experimental evidence forces us to assume the contrary, we should 
accept the fact that the proton and « components of the primary radiation 
have different energy spectra. This statement applies only to the latitude 
sensitive, relativistic region; at higher energies the proton spectrum steepens. 

We should therefore be prepared to accept the possibility that the spectrum 
changes slope. In fact, the spectrum exponent generally gets steeper as the 
energy increases. 

If such a situation exists, it can be interpreted in the following way. We 
accept the premise that cosmic rays are accelerated in stellar envelopes, espe- 
cially those of active stars and the shells of supernovae, but we depart on 
the following two points. The energy spectrum does not have an exponent 
of 1-- 2, but is in general much steeper. If we picture the acceleration as due 
to a statistical increase of energy of cosmic rays as the turbulent magnetic 
energy increases (similar to the way one can picture the mechanism to occur 
on the sun during a solar flare), then the exponent is determined by the ratio 
of the rate of acceleration to the rate of escape from the accelerating region. 
Large exponents, of the order of 10 to 100, should therefore be quite common. 
What we observe is the superposition of all these sources and the exponent 
of the primary cosmic ray spectrum then expresses the frequency distribution 
of exponents of the individual sources. 
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1. — Introduction. 


A fundamental question to ask is the following. Is the charge spectrum of 
the primary cosmic radiation (i.e., at the top of the atmosphere) the same 
as the charge spectrum of the original cosmic radiation (i.e., at the point of 
origin), or have modifications taken place in the travel between the origin and 
the earth. 

It is presently most widely held that no modifications, or at any rate very 
minor ones, have taken place and that the primary charge spectrum represents 
essentially the original charge spectrum and also resembles the general abun- 
dance of elements in the universe [1]. A consequence of this hypothesis is 
that the cosmic radiation during its existence cannot have made many col- 
lisions with interstellar hydrogen. This means that the lifetime of cosmic 
rays in the galaxy must have been very short, corresponding to a maximum 
path length of 2 g/cm? [2]. The lifetime must be less than 4 million years [3]. 
As a consequence of this hypothesis, therefore, the cosmic rays must escape 
rapidly from the galaxy, that is, the trapping field cannot be a very efficient 
one and, as a further consequence, the rate of acceleration of cosmic rays must 
be very rapid to replenish the cosmic rays which escape [2, 3]. 

Now this point of view hinges very crucially on the resemblance between 
the primary charge spectrum and the abundance of elements, but this re- 
semblance, as we shall show, is quite superficial and can be achieved through 
nuclear fragmentations. In order to state the matter quantitatively, we sum- 


(*) This work has been supported in part by the Air Force Office of Scientific 
Research under Contract AF 18(600)-1038. 
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marize in Table I the present data on cosmic abundances and on the charge 
spectrum of the primaries above the atmosphere. 


TABLE I. — Data on cosmic abundances, including the primary cosmic radiation 
(beyond Z = 10, only the most abundant species are listed). 


a b | e 
= = = i > = = 
1 H 4-100 12.00 | 620 
2 He 3 -109 è». *-11.06 - | 90 
3 Li 100 ; 0.68 | E | 
4 Be 20 2.43 | | tee 
5 B 24 [5.0] ‘| | 
6 CO) 3.5 «108 8.56 | 3 (4) 
7 N 6.6 -105 7.98 È 2 (1) 
8 O 2.15-107 9.00 } 2 (1) 
9 F 1600 | 
10 Ne 8.6 -10° 8.81 ‘| 
14 Si Ls. 108 7.60 | fatale; 
18 A 1.5 +108 ve IL odi 
20 Ca 4.9 -10* 6.38 | ci 
26 Fe 6 - 10° 6.76 lJ 
(a) H. E. Suess and H. C. UREY: Rev. Mod. Phys., 28, 53 (1956). (These values are referred 
to silicon = 1-10°). | 
(b) log N for the sun, except that for He and Ne we give their ratios to H for stars | 
(after ALLER). 
(c) Vertical cosmic ray flux (in particles per m? srs) at 4= 41° [8]. 


A crucial point in this comparison is the question of the presence or absence 
of lithium, beryllium and boron (L-nuclei) in the primary radiation, because 
there the discrepancy is most severe. On the other hand, if the L-nuclei are 
absent, then the discrepancy will be less severe. In other words, if the L-nuclei 
are present, the hypothesis of fragmentation will be greatly enhanced, since 
it is not easy to conceive of a mechanism whereby Li, Be and B exist at the 
surface of stars or wherever cosmic rays are initially injected and accelerated. 

Now the importance of Li, Be and B was first pointed out and discussed 
in great detail by BRADT and PETERS in their outstanding series of papers 
connected with the discovery of the heavy primaries. However, they inter- 
preted the data to signify an absence of L-nuclei and therefore adopted the 
hypothesis of no fragmentations of cosmic rays [1]. The Bristol workers, on 
the other hand, who deduced evidence for the presence of Li, Be and B, adopted 
an opposite interpretation and were the first to suggest that even a substantial 
fraction of the protons and alphas could be produced by fragmentation [4]. 
This line was further developed on the basis of empirical data on production 
of various nuclear fragments in collisions between hydrogen and iron; these 
data were taken from the inverse process which occurs when iron meteorites 
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are bombarded by relativistie hydrogen nuclei. This work led to a calculation 
and a discussion of the significance of the production of tritium and *He in 
fragmentations of heavy primaries in interstellar space. An attempt was also 
made to calculate the charge spectrum which would result from an original 
cosmic radiation consisting only of iron [5] (*). 

This charge spectrum is shown in Table II. 


TABLE II. — Charge spectrum of cosmic rays. calculated as a function of pathlength. 
An initial radiation is assumed composed only of Fe; fragmentation probabilities for 
«protons» (this includes neutrons and deuterons) and for «alphas» (including *H 
and *He) are obtained empirically from meteorite data; for Li, Be, B from data of 
Noon and KaPLON. The mean-free-path for primary iron nuclei in hydrogen is 1.9 g/em?. 
In this calculation we have neglected fragmentations of lighter nuclei since their mfp 

is considerably longer than 1.9 g/em?. 


Path length 0 | A 27 3A 44 
«p> | 0 1400 1900 2100 2160 
«o>» C= 7 276 378 415 430 

Li, Be, B Ort 63 86 95 98 
Fe | 100 37 | 13 5 2 


The agreement with the actually observed charge spectrum is not too 
good, but, as was pointed out, it depends very much on what one takes for the 
fragmentation probabilities for the L-nuclei (Table III). 


TaBLE III. — Comparison of observed and calculated charge distribution of primaries. 
Observed primary Calculated charge distribution 
charge distribution (normalized from Table II) 
(normalized from Table I) for path length 
at Lat. = 41° 24 37 
H 1000 1000 1000 
He 145 200 200 
Wily exe, 45) 5 45 45 
10-15 (a) 22-15 (a) 22-15 (a) 
Z>10 4 6.8 | 2.4 
(a) These values were calculated using the fragmentation probabilities of Ref. [9]. 


Since, then, a number of new proposals and data have come into the foreground. 


(*) Another way of phrasing the question is: if all of the Li, Be and B is due to 
fragmentation of heavies, what fraction of the protons and « arise in the same frag- 


mentations? 
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1) Prompted by the apparent success of the explanation of the syn- 
chrotron radiation from the Crab Nebula [6], HAYAKAWA [7] has again sug- 
gested a supernova origin for cosmic rays and pointed to the fact that the 
injected nuclei would be mostly heavies, since a supernova is thought to 
contain a high abundance of heavy nuclei (*). 


radiation in order to measure the energy spectrum and charge spectrum. This 
experimental evidence has been analyzed [8] and the flux values for Lat. = 41° 
are shown in Table III. These data indicate an appreciable abundance of 


primary L-nuclei, 


2) Many more experiments have now been performed on the primary 


3) Finally, the Bristol group has presented new data on fragmentation 
probabilities [9]. While these are based on relatively few stars and have not 
been critically discussed, we shall go ahead and use them, if only to illustrate 
the great dependence of our detailed conclusions on such experimental data. 
It is to be hoped that efforts will be made to check these results and make 
them more precise. 


2. — Importance of fragmentation probability. 


The results of the Bristol workers are given in Table IV and compared 
with results of fragmentation probabilities by other workers. The main im- 
mediate conclusion is that the fragmentation probabilities: are less by a factor 
of two to three, as compared, for example, with Noon and KAPLON PiOVise 
This result has two immediate consequences: 1) The number of L-nuclei 
produced in fragmentations in interstellars space will be reduced by a factor 
of two to three compared to «-particles, and 2) The primary flux of L-nuclei, 
which is derived normally from extrapolation of balloon data, can now be 
re-evaluated. 

Using the smaller fragmentation probabilities, the primary flux will only 
be slightly less than the flux measured at balloon altitudes (which includes 


(*) Another method for obtaining a preferential injection of heavy nuclei depends 
on the acceleration mechanism. If injection takes place from a stream moving with 
a velocity v, such as a beam of gas shot out from the sun, then those particles having 
a large enough radius of curvature to diffuse into the adjacent turbulent transition 
region may become accelerated there. Heavy primaries which are not yet fully ionized 
will have a larger radius of curvature than the main gas, which consists of protons. 

(**) It is to be noted that the Bristol results do not refer as yet to collisions with 
hydrogen nuclei. However, there is little difference found in the fragmentation pro- 
babilities between emulsion nuclei in general, and the light nuclei in the emulsion or 
peripheral collisions; we will therefore assume that the fragmentation probability for 
hydrogen is similarly decreased by a factor of two to three. 
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a number of L-nuclei created in fragmentations of heavies in the atmosphere 
above the balloon). Table IT, 
is a rather good agreement between calculation of a primary spectrum on the 


The result of this correction, as shown in 
basis of original iron plus fragmentation, and the observed primary spectrum. 


= Lù : È A 
laste IV. — Data used in calculating primary charge spectrum. 


| Fragmentation probabilities for L-Nuciei in light nuclei of emulsion 
(or in air) 


| Pri | Pai Pao Ales 
| (a) 0.33 + 0.16 0.52 + 0.08 | 
(b) 0.00 O17 £ 0.07 | 
| | @) 4 
| Préa Tea 12) i 
(a) 12 + 0.72 2.00 + 0.20 
(b) 2.08 + 0.68 13 ty. | 


| Fragmentation probabilities for singly and doubly charged nuclei with primary iron 
| on hydrogen. Values are derived from nuclear evaporation theory (e) using a 
distribution of excitation energies in accord with empirical results from high 
| altitude emulsion stars (checked by meteorite data) (d). Values shown are 
relative: in the calculation they are normalized to the Pp.,, and Pr, values. 


SIE SU DIRI SH “He “He 


| 15 6.2 tel .75 1.2 2.3 


| (a) Ref. [10]. 

(b) Ref. [9]. 
| (c) K. J. LE COUTEUR: Proc. Phys. Soc., A 63, 259 (1950). | 
| (d) Refs. [6] and [12]. | 


The relative numbers of neutrons, protons, 7H, *H, *He and *He produced 
in these fragmentations (*) were obtained by considering the inverse process, 
namely, the evaporation of a stationary iron nucleus which is struck by a 
cosmic ray proton. We have calculated the frequency of emission of these 
fragments, using evaporation theory and checking the applicability of the 
‘theory from experimental results on iron meteorites. It is not safe to use 
results from accelerators, as can be seen from the fact that the tritium cross- 
sections reported [11] are an order of magnitude smaller than those directly 
observed in meteorite samples which have been taken from recently fallen 
meteorites [12]. On the other hand, the fragmentation probabilities for light 


(*) It should be noted that the first four species all become primary « protons » 
while 8He and “He will be counted as primary « alphas ». 
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nuclei have been normalized to the proton and » values by using the experi- 
mentally determined ratio in photographic emulsions. In this way it is hoped 
that a consistent calculation is produced which is based entirely on empirical 
cosmic ray data. Our deuteron-proton ratio, for example, agrees very closely 
with that obtained from cosmic ray stars in emulsions [13], but the triton- 
deuteron ratio does not agree too well. 


3. — Conclusion. 


We find that we can account quite well for the observed primary charge 
distribution by assuming (quite artificially) a model in which the original 
radiation consists only of iron (*). After about three mean free paths (6 g/em?) 
a charge distribution is obtained which resembles very much the observed 
values. The good agreement is possible only if one uses results on «p» and 
«a» fragments obtained from meteorite measurements, and if one uses the 
smaller fragmentation probabilities obtained by the Bristol group for Li, 
Be and B. 

It is seen that the charge distribution so calculated is much closer to the 
observed values than are the cosmic abundance values. In particular, we 
can reproduce very much better the large ratio of heavy to medium nuclei, 
which is of the order of 3, as compared to the cosmic abundance value of 107. 
The existence of an iron peak in the primary cosmic radiation can be explained 
more naturally as the remains of an initial large iron peak than in any other 
way. Certain features, such as the C:N:O ratio, are more in accord with 
fragmentation than with natural abundances, but here the evidence is not as 
conclusive. 

Certain crucial tests of the fragmentation hypothesis are necessary and 
should be made. They consist principally in a measurement of the Li, Be 
and B flux above the atmosphere. The definitive absence of the L-nuclei would 
speak against the fragmentation hypothesis; the presence of the L-nuclei would 
be in accord with the fragmentation hypothesis, but would only be a neces- 
sary condition. More subtle measurements would help establish the fragmen- 
tation hypothesis: these consist of the measurement of the primary deuteron 
flux and primary *He and perhaps tritium fluxes. From the results of meteo- 
rite measurements some numerical values can be given for the fluxes to be 
expected, provided they originate from fragmentations (see Table V). 


(*) On the other hand GinzBuRG and FRADKIN [14] consider that they can explain 
the primary charge spectrum without an original enhancement of the heavies; however 


they use N,:Ny<0.1 and large values for the relevant fragmentation probabilities. 
Therefore their conclusion is not surprising. 
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Taste V. — Primary flux values (at A = 41°) for deuterons, tritons and helium-3. 
Calculated from the data of Table IV under the assumption that all of the « protons » 
and «alphas » come from fragmentation of original iron primaries. 


tI . 
*R ux = | a - ):650 = 32 peters , 
15 + 6.2:-+- 1.1 


3H flux = 5-10 peters (*) , 


0.75 + 1.2 


“Hess (7 


a -90 = 41 peters. 
0.75 + 1.24 2.3 


on the gas density in which the cosmic rays have spent the preceding few decades. For an average 


| 
il 
| 
| 
| 
(*) Ref. [5]; because of the short halflife of 7H (~ 12 yrs when nonrelativistic) the flux depends | 
| 
interplanetary gas density of 200 protons/cm* the flux would be 1 peter. | 
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General Observations 
on the Composition of the Primary Radiation. 


B. PETERS 


Tata Institute for Fundamental Research - Bombay 


As a result of papers presented at this conference some of the information 
relating to the energy spectrum and composition of the primary radiation can 
be stated with greater precision than was possible heretofcre. 


1. — The Energy Spectrum. 


In the non-relativistic region the work of the Minnesota and Iowa groups 
has confirmed, earlier findings that «-particles (and presumably therefore other 
components) can arrive, at geomagnetic latitudes above 54°, with energies 
lower than those expected on the basis of existing information on the earth’s 
field. They also find that there is at these latitudes no sharp energy cut-off 
and that the intensity of the low energy component can undergo appreciable 
variations. These phenomena reflect presumably not properties of the primary 
cosmic radiation but properties of the earth’s field and of interplanetary space. 

In the latitude sensitive region there appears to be general agreement that 
all heavy components follow approximately the same power law; if e desig- 
nates energy per nucleon (including rest mass) the integral spectra can be 
represented by N,= XK,/e'°. The proton component in the latitude sensitive 
part until now was believed to follow a flatter spectrum. However this con- 
clusion was based on large and uncertain estimates about the contribution 
of albedo particles to the counting rate at the equator. The experiment of 
McDonald reported here, is to my knowledge, the only one in which simul- 
taneously the charge, the velocity and the direction of motion of singly charged 
particles has been measured near the top of the atmosphere. It indicates a 
very much larger albedo than was believed so far, and if it is accepted the 
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proton spectrum has within errors of measurement the same slope as the 
heavy components. 

In the high energy region we have the earlier measurements of the proton 
and «-particle flux at 1.6-10° GeV by Lat and of 4.5:10% GeV by KAPLON 
and Rrrvson. For these two components the power law exponent of 1.5 remains 
valid. At approximately the same energy measurements by PARKER and 
myself made in 1950 and measurements by FOWLER reported in 1956 indicate 
that also the ratio of heavy primaries to protons and «-particles is approxi- 
mately the same as in the latitude sensitive region. This implies that the 
power spectrum with exponent 1.5 is valid at least in the region from 1 to 
5000 GeV per nucleon and is accurately the same for all primary components. 


2. — The charge spectrum. 


From the point of view of astrophysics one is trying to answer three prin- 
cipal questions and they must be answered in the order in which they are stated: 


(i) What happens to the primary particles after they have been acce- 
lerated? Do they escape from the galaxy or do they break up and finally 
dissipate their energy in collisions with interstellar hydrogen? 

If their energy is dissipated in the interstellar gas an equilibrium distri- 
bution will be established between the injected nuclei and their break up 
products and one can show that under these conditions the ratio of N, (the 
light nuclei Li, Be, B) to N,, (the medium nuclei C, N, 0) must exceed unity. 
All results on the ratio R =N,/N,, which were reported here and most of 
the results published earlier agree that for particles of energy 1.6 GeV per 
nucleon, R is significantly smaller than unity and that therefore the ultimate 
fate of particles accelerated in our stellar system is escape from the volume 
which includes the earth as well as the region where cosmic-ray particles 
originate. 

The second question is the following: 

(ii) Does the relative flux of primary components incident on the earth 
represent approximately the composition of the beam at the time of acce- 
leration or has the composition been modified substantially by fragmentation 
in the transition from the source to the earth? This depends of course on the 
average amount of matter traversed and determines the storage factor of 
radiation in the galaxy and the amount of energy which must be fed into 
cosmic radiation to keep it continuously at its present level. 

The wide divergence in the values of f reported by various investigators 
does not yet permit a reliable answer to this question. Most investigators 
favor a value R = 0.35 for particles whose energies exceed 1.6 GeV/nucleon 
and this corresponds to the traversal of 4.5 g/em? of hydrogen. The greatest 
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uncertainty in R comes from the correction for break up processes in the 
atmosphere above the point of observation. Higher flights make this correction 
smaller thereby reducing the uncertainty. 

Our own work at Bombay was carried out with an exposure at 7 g/cm’, 
a greater height than that obtained in earlier investigations. The investigation 
is not completed but indicates a value of R which may be substantially lower 
and could be less than 10%. 

One should expect that the lower the energy and the radius of curvature 
of the primary particles, the larger the amount of matter traversed before 
they diffuse to the solar system. The corresponding decrease of R with energy 
is perhaps indicated in the results of MCDONALD who finds 


E Energy 
0.32 > 400 MeV/nucleon 
0.18 > 600 » » 
OS > 1.2 GeV/nucleon 


Our own observations tend to agree with McDoNALD which corresponds 
to less than 2.25 g/cm? of hydrogen traversed by the average primary of energy 
above 1.5 GeV/nucleon. But the question can not be considered settled until 
different types of experiments and especially experiments carried out at greater 
altitudes get into agreement. 

An average amount of 4.5 g/em? of hydrogen corresponds to a lifetime 
of t = (3-10°)/o years where o is the number of hydrogen atoms per cm® along 
the trajectory. 

The lower value favored by McDONALD and by our group corresponds 
to half that time. 

This leads to the third question: 


(iii) Does the composition observed in cosmic radiation correspond to 
the chemical composition of any stellar object which can be considered as a 
possible source for cosmic radiation particles? 

It seems almost impossible to answer this question if we accept an average 
amount of traversed, matter of 4.5 g/cm? which corresponds to two collision 
mean free paths of iron in hydrogen. Even if the amount is half that much 
the finer features of the chemical composition particularly among the heavier 
elements should already be obliterated. The structural features which SCHEIN 
found in the charge spectrum of the heavy component, the apparent alternation 
in the abundance of odd and even nuclei and the correspondence with certain 
features in the chemical composition of young stars leads one to suspect that 
the average amount of interstellar matter traversed and therefore the ratio R 
is still smaller than the value one obtains if one extrapolates the measure- 
ments made under 15 g/cm? of air to the top of the atmosphere. 
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In summary, it seems safe to conclude that all primary components have 
the same energy spectrum and that it can be expressed as a power law with 
exponent 1.5 + 0.05. The proton spectrum below 10 GeV is perhaps somewhat 
flatter but this is not certain. 

Cosmic ray particles produced in the galaxy escape after traversing on 
the average not more than 4.5 g/cm? of interstellar hydrogen. Certain expe- 
riments favor a considerably smaller value for the amount of matter traversed. 
Until this point is settled it is not clear whether detailed features of the com- 
position of the primary radiation can be related to relative abundances in 
the chemical composition of various stellar objects. 


INTERVENTI E DISCUSSIONI 


— H. MESSEL: 

I agree with PetERS that the light to medium ratio is not compatible with an equi- 
librium ratio of one; however, it is my belief that one of the first things on which we 
must agree is that there is a substantial amount of Li, Be and B entering into the 
earth’s atmosphere as primary cosmic radiation. As far as mechanisms of origin, storage 
and acceleration are concerned it is not necessary at the present stage to know whether 
the light to medium ratio is exactly 1, 4 or the like. After all we do not know o, 
the density of matter in interstellar space to an accuracy of more than say a factor 
of five or ten. 


— L. BIERMANN: 

Do I understand correctly, that the opinion prevails, that the abundance of Li, 
Be, B is probably a fraction, but not a very small fraction of the abundance to be 
expected in fragmentation equilibrium in interstellar space; that hence the storage of 
cosmic radiation in the interstellar magnetic fields is somewhat less effective than one 
thought some years ago, such that for stationary conditions not 10-* of the thermal 
radiation are required for the reproduction of cosmic radiation as in case of perfect 
storage (which would be indicated by fragmentation equilibrium) but that rather a 
fraction nearer to 10-2 of the thermal radiation (averaging over the galaxy and long 
periods of time) would maintain the present energy density of cosmical radiation in 


our galaxy. 


PART IV. 


Air Showers. 


Section A: General Introduction. 


Introductory Remarks about Air Showers. 


G. COoccoNI 


Laboratory of Nuclear Studies, Cornell University - Ithaca, N.Y. 


In this introductory talk I shall focus the attention on three topics that, 
at this time, seem to me most interesting. 

The first topic is the lateral distribution of the ionizing particles. The 
experimental evidence accumulated in the last years allows us for the first 
time to draw definitive conclusions about the average behaviour of the showers 
in air. 

On the second topic, the characteristics of the nucleon-nucleon interaction, 
is centered most of the attention of the high energy physicists. Though we 
are still far from a full understanding, the recent experimental evidence seems 
to show that the models thus far most commonly accepted, the statistical models, 
are incorrect. 

The, third topic, the primary energy spectrum, mostly of cosmological in- 
terest, cannot be omitted in any discussion about air showers. 


1. — Lateral distribution of the ionizing particles. 


The most extensive measurements on the lateral distribution of the ionizing 
particles around the core of the shower have been carried out, with G. M. 
counters, by the Russian workers. The measurements cover showers of dif- 
ferent sizes and at different altitudes above sea level and distances from the 
core from 0.5 to 1000 m. Recently the MIT group has made similar experi- 
ments near sea level with scintillators (*). 


(*) A priori. the densities measured with scintillators are not directly comparable 
with those obtained with G.M. counters. The amplitude of the pulse from a scin- 
tillator depends in fact not only on the number of ionizing particles falling on it, but 
also on their energy spectrum, and the energy spectrum is a function of the distance 
from the core of the shower. It seems however that the two measurements cannot 
differ, within the range of distances explored thus far, by more than a factor of two. 
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Some of the results are given 
Tal AOR we 

The distances from the core are 
expressed in displacement units, 


r, = (73.5/(P — 0.07)) (7/273) m, 


where P is the pressure of the air 
in atmospheres, and 7’ its average 
absolute temperature (*). 

The 
through the experimental points 


curves drawn in Fig. 1 
correspond all te the same distri- 
bution, that of Fig. 2, displaced 
vertically to fit the total num- 
ber of particles in the showers. 

It is remarkable that a single 
can fit 
well all the experimental points, 


distribution reasonably 
independent of the size of the 
shower (10?< NV <10°), both at sea 
level and at mountain altitudes. 

The distribution (heavy cur- 
ve of Fig. 2), when compared 
to the curves calculated by 
NisuHmura and Kamara for the 
electrons in a pure electromag- 
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Fig. 1. — Lateral distribution of the density 


of all ionizing particles for showers of va- 


rious sizes, measured with counters (Russian 
Authors) and with scintillators (MIT). 


netic shower, resembles that predicted for showers of age s=1.4. 
The agreement must be considered fortuituous, not only because at the 
largest distances most of the particles in the real showers are u-mesons, and 
not electrons, but mostly because the electromagnetic theory would not pre- 
dict a distribution independent of the size, N, of the showers. 
A reasonably good fit to the experimental curve is given by the expression 


Y —0.8 Y ; —2.64 
(È pa 0.87) i 
to > 


(*) In this expression of the displacement unit the fact is taken into account that 


the distribution observed at the pressure P correspon 


for the electromagnetic component, re 
the place of observation. 


ds to the equilibrium distribution, 
ached about two radiation units (0.07 atm) above 


562 G. COCCONI 


The distribution function f(7/r?) 
and the density A(r) of the ioni- 
zing particles observed at a di- 
stance 7 from the core of a shower 
containing N particles are related 
by the equation: 


1.0 


Another remarkable point 
about Fig. 1 is that the density 
of the particles keeps increasing 
up to the smallest distances ex- 
plored (~ 0.5m), even for the 
smallest showers. This lack of a 
plateau indicates that the most 
energetic particles feeding from 
the core the less energetic ones 
in the shower outskirts are con- 
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Fig. 2. The heavy line represents the lateral 

distribution for all ionizing particles that fits 2. — Characteristics of the nucleon- 
reasonably well all the experimental points ° nucleon interactions. 

of Fig. 1. For comparison are also plotted 
the curves calculated by Nisurmura and 
Kamara for electromagnetic showers of age 
s=1 and s = 1.4. The curves are normalized perties of Extensive Showers 


ce ae eae È I at different altitudes given by 

‘ 4 A ZACEPIN and by GREISEN, as well 

as from the results discussed in the 

preceding section, it appears that, in the lower atmosphere, the behavior 

of air showers is dictated by the nucleonic component still present in the 

core of the showers, and not by the electromagnetic cascade started in the 
upper atmosphere. 

Since the primary particles initiating the showers are nucleons, the fact, 
that after some 10 interaction mean free paths of atmosphere the nucleons in 
the core are still energetic enough to carry about 20% of the initial energy 
reveals some important characteristics of the nucleon-nucleon interaction at 
energies in the 10! eV region. 

The situation can be summarized by saying that, on the average, the 
primary nucleon loses in each interaction only a fraction, say — } of its energy 
(elasticity parameter — 0.7) and after the interaction maintains its indivi- 


From the analysis of the pro- 
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duality as a particle. These conclusions indicate that the statistical models 
for high energy interactions, like those of FERMI and LANDAU, are funda- 
mentally inadequate. 

In fact, according to these models, all the energy available in the collision 
is shared among some secondaries; whenever one of these secondaries is a 
T°-meson, its energy is lost as far as the propagation of the nucleonic cascade 
is concerned, and these models predict too high a probability for 7° production. 

In other words, the concentration of a large fraction of the available energy 
in 7°-mesons must be less probable than expected on the basis of pure sta- 
tistical models. 

Also, the angles predicted for the secondaries by the Fermi and the Landau 
models are too large to explain the absence of a plateau in the lateral distri- 
bution of air shower particles. 

Models that can avoid these contradictions are those in which the second- 
aries produced in the interaction of a nucleon are the « virtual» particles 
shaken off in the collision while the primary nucleon maintains its individuality 
and, on the average, a large fraction of its energy. 

We shall call these models « bremsstrahlung » models. 

LEWIS-OPPENHEIMER-WOUTHUYSEN, BHABHA, KRAUSHAAR-MARKS, and 
others have proposed models that belong in this category, and a careful exami- 
nation of their possibilities is certainly demanded by the present experimental 
evidence. 

At machine energies it is already clear that only « bremsstrahlung » models 
can justify the experimental results, however thus far, probably because of 
their analytical beauty, most of the theoretical work has been polarized along 
the lines of the statistical models. 

Another piece of evidence in favor of the models favored here is the dis- 
covery by the Japanese group of HIGASHI et al., at 30 m w.e. underground, of 
showers of nearly parallel p-mesons (from 4 to 30 particles) falling on a 0.3 m? 
cloud chamber with frequencies of ~ 1/50 h-!. These showers can hardly be 
explained as the remnants 7* mesons decaying in the air. Instead, they can 
be easily interpreted as the remains of x= meson showers created in the 
earth above the cloud chamber by the high energy nucleons left in the core 
of air showers of ~ 10! eV. 


3, Number spectrum and energy spectrum. 


The uniqueness of the lateral distribution function f(r/7,) discussed in the 
first section permits the unambiguous derivi tion from the shower density 
spectrum of the average number spectrum, F(N), i.e., of the frequency of 
the showers as a function of the total number of ionizing particles in them. 
The number spectrum has also been deduced recently by the MIT group from 
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their measurements of the density at various distances from the core, by 
means of scintillators. Both results are plotted, for sea level, in Fig. 3. 
In the lower part of the figure are given the differential spectra. The agree- 


ment between the two estimates, where they overlap, is very good. 
The integral spectrum at the top of the figure, deduced from the average 
of the differential spectra, can be expressed by the equation: 


F(N) zo 0.59 N (0.815 + 0,060 LogN) m-2 srl sr! 


and can be considered experimentally 


determined 


for LO sa ae 


It must be emphasized, that the spectra we dealt with thus far, as well 
as the energy spectrum we are going to discuss next, must be consider- 
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Fig. 3. The differential number spectra A and B are de- 
duced from the density spectra (sea level). The points are 
from MIT. The integral number spectrum is deduced from 
a continuous curve going through the differential spectra. 


ed only as average 
spectra. No fine struc- 
ture could be put in 
evidence in the number 
spectrum deduced from 
the density spectrum 
and even the more 
direct measurements 
(MIT) of F(N) still have 
poor resolution. The 
situation is even more 
hopeless when, from 
the number spectrum, 
the energy spectrum is 
inferred; in this case, 
in fact, the relation 
between N and U, the 
total energy of the pri- 
mary particle, is not 
unique, since the sho- 
wers are initiated at 
various altitudes in the 
atmosphere. 

The integral energy 


spectrum F(U) of the primary cosmic radiation is given in Fig. 4, where U 


is the total energy of the primary particle. 


Up to energies ~ 10!° eV its determination is quite direct. 

The points around (101? +1018) eV are given by measurements on emulsions 
flown at the top of the atmosphere. Point A has been obtained, following 
the method outlined by GREISEN, by integrating the energy lost by air showers 
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of fixed total energy over all the atmosphere; it is known with an uncertainty 
of ~ 20% and its characteristics are the following: VN = 3.5-10°; U= 4.2-10!eV; 


F = 2.5-10-7 m- g-! sr! 


10° ven Tr T T ===" 
Magnetic data 


52 Kaplon 


= constant 


212 
10 Fermi model 


Fig. 4. — The integral energy spectrum of the primary cosmic radiation. Point A is 
discussed in the text. The two curves beyond point A represent reasonable upper 


and lower limits for the real spectrum. 


Beyond point A the energy spectrum can be deduced, at least for the time 
being, only through the number spectrum, i.e., by estimating the energy of 
the primary that generates at sea level a shower containing N ionizing par- 
ticles. The ignorance of a good model for the nucleon-nucleon and meson- 
nucleon interactions, as well as the uncertainties about the composition of 
the primary radiation allow only the determination of limiting values within 
which the real energy spectrum probably lies. The upper limit, represented 


in Fig. 4 by the curve 7= constant, is deduced by assuming the ratio 


Total energy of primary cosmic rays “A 
77 Number of particles in shower at sea level 


= constant =.1.2,10'eV , 


which is the value found for point A. 


More likely 7 decreases when N increases, since all showers detected thus 


far are, at sea level, beyond their maximum development. 
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A lower limit is given by assuming that the primary particles are all protons 
and that all the interactions are describable with the Fermi model; in this 
case the energy of the primary is certainly degenerated too soon. The cal- 
culations utilized in plotting the branch labeled « Fermi model» are those 
by ODA. 

The real spectrum probably lies between the two curves, somewhat closer 
to the lower one. An expression that represents a spectrum that satisfies the 
fixed points and then stays ~ 4 of the way between the two limiting curves, 
closer to the lowest, is the following: 


F( U) == 1013 (pp Os + 0,037Log 7) m-2 culi sro! , 


where 10°°<U< 10!° is the total energy of the primary, in eV. The loga- 
rithmic derivative is 
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SECTION B: Harwell Air Shower Experiments. 


Harwell Air Shower Experiment. 


T, E. CRANSHAW, W. GALBRAITH, N. A. PORTER, J. DE BEER and M. HILLAS 


Atomic Energy Research Establishment - Harwell 


The apparatus consists of 91 G.M. units on a triangular lattice covering 
an area of .5 km?. A detailed description is published elsewhere [1]. Showers 
are recorded by the coincidences caused among the G.M. units, and sizes are 
estimated by the number of units triggered. 


1. — Time variations of air showers. 


An analysis of showers containing about 5-10°, 107 and 2-10’ particles 
has been made covering two years observations. In sidereal time, the distri- 
butions are isotropic to about 1% for the smaller showers and 3% for the larger 
showers. We do not propose to discuss the implications of this result here. 

In solar time, the results are by no means clear cut. On two previous oc- 
casions we have reported that there appear to be both diurnal and semi-diurnal 
components in the rate of the large showers. Discussion has usually centred 
on the reality of the variations, and the significance of the statistical results. 
There have been two reasons for doubting the reality of the variations, even 
when the probability of such large amplitudes arising by chance is as small 
as say .1%. These are firstly the difficulty of finding a mechanism which could 
introduce the large variations, so that one has to balance the improbability 
of the statistics against the implausibility of the mechanism, and secondly, 
the fact that the statistics, even when significant, do not behave in the expected 
way. In our experiment, and in others, it has been found that the amplitude is 
large and of an encouraging significance early in the experiment, but that the am- 


ou 
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plitude and perhaps the significance, falls with time. If the variation were real, 
and constant, then the significance} should increase exponentially with time. 


ili, 


ecc 


————__Amplitude% 
\ 


SEMIDIURNAL 


n 
<= ——-7 N 


Fig. 1 shows the measured 
amplitude of the solar diurnal 
and semi-diurnal waves in the 
rate of showers containing 
about 2-10? particles, from 
the beginning of the experi- 
ment to the present time. It 
will be seen that both ampli- 
tudes are large at the begin- 
ning, but that the semidiurnal 
wave falls to a constant value 
of about 11%, and that the 


diurnal wave is still decreasing at the present time. The line marked «expected » 
gives the amplitude which would be expected to be exceeded 50% of the time. 
Fig. 2 shows the probability that amplitudes as large as the observed values 


should arise as a result of 
chance fluctuations. If the 
variation were real and 
constant, on a log plot 
this probability should de- 
crease linearly with time, 
as seems to be the case at 
the present time for the 
semidiurnal The 
diurnal wave, however be- 
haves more erratically. 

The observed behavior 
may be brought about in 
three ways. 


Wave. 


i) The amplitude is 
a vector, and when a meas- 
urement of a vector is 


-45 


=2:5 


PROBABILITY 


I 

N 

o 
i ae gen] 


DIURNAL 


1956 ~ 1957 


subject to an error vector of comparable length, the resultant vector is more 
likely to be larger than smaller than the true vector. This would lead to an 
overestimate of the amplitude at the beginning of the experiment, no matter 
when the experiment started. If the true vector is R, and the error vector 
is 7, then the expectation of 0? the square of the observed vector, is the 
expectation of R?-+r? — 2rR cos0, where 0 is the angle of the error vector 


with the true vector. 


The expectation of 2rR cos 0 is zero, and the expec- 


ba | 
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tation of 7? can be calculated. This suggests estimating k = Vv o? — r?, and 
this is shown in Fig. 3. Im this case it seems plausible to consider the semi- 
diurnal wave as nearly con- 

stant, though the diurnal % 
term is still decreasing with 
time. 18 


ii) A variation of the 14 cli 
phase. This also gives an "2 RES enne ge 


amplitude which is large at È ie 

the beginning of the expe- 6S 

riment, but the amplitude ‘Ta EXPECTED 

falls to the final value in OLS loro ear praline 
1955 1956 1957 


such a way that the diffe- 
rence from the final value Fig. 3. 

is inversely proportional to 

the square root of the observation time. If the phase changes in a time of 
the order of a month, it may require a very long time to reach the final 
value. Fig. 4 shows two specimen amplitudes which have been derived by accu- 
mulating individual amplitudes whose phase was allowed to vary in a roughly 
normal way. The asymptotic value is shown dotted. It can be seen that 
even after 30 steps, the amplitude is still quite far from the final value. 


Fig. 4. 


iii) A variation of amplitude, combined with a fortunate time of starting 
the experiment. 


In our experiment i) is certainly operating. When allowance for i) is made, 
we find that the results for the semi-diurnal component are possibly consistent 
with a steady variation of amplitude 11%. The diurnal term however, is still 
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falling at the present time. This suggests that ii) may be operating as was 
suggested by harmonic analysis about a year ago [2]. Fig. 5 is reprin- 
ted from this paper, 
and shows the diur- 
nal and semi-diurnal 
vectors on a harmonic 


24100 12/00 


1800 og00 21 ore dial 
n However exami- 
nation of these re- 
1806 sults month by month 
(b) shows that iii) is almost 
Fig. 5. certainly operating as 


well. The phase of the 
variations during periods which show large amplitudes are quite similar. 
The results of our analysis may be summarized as follows. 


i) The variation appears to be confined to particular small groups 
of shower sizes. 


ii) With limited statistical accuracy, no difference could be found in 
the structure of the showers at the maxima and minima of the variations. 


ili) For most of the period, the mean rate of recording showers is in- 
dependent of the ampli- 


tude of the variation. SO ate uae pst ee Ct 
Da AUG 1956 
i FEB, 1987 © >5 FOLDS 
iv) Exceptional pe- È FER 10 
riods occur when the va- -10 sf 
riation extends to rela- Sr Cso 
. NI 
tively small showers. Du- x I 
ring these periods, the 3 40 JAN.1957 
litud he lan È 30 30 | >5 FOLDS 
amplitude Dod DÌ arge Sar RO 2 
(~ 30%) and significant S$ 10 25 FOLDS 0 
Eo 
. N = 
results can be obtained  &-10 a 
; 3-20 x 
in a month or even 10 - -30 0 
days. Such months have 
been August 1956, Janua- 
DEC.1954 to 
ry, February and March 20 DEC.1954 to 20 Reais 
3 DEC.1956 > 
1957. The observations È 26 FOLDS Lo 
for. these months are -10 40 
shown in Fig. 6. The sc 20 
Ag 0 4 8 1216 20 24 
probability of such am- A di ene or Moe 
plitudes arising by chance TIME VARIATIONS IN AIR SHOWERS 


is in all cases less than 2%. Fig. 6. 
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2. — The absorption of air shower particles. 


The barometric pressure measures the mass of air above the apparatus, 
and therefore changes in the barometric pressure can be used to measure the 
apparent absorption of the particles. However, a change in pressure causes 
a change in density of the air and hence a change in the radiation length 
measured in metres, and this may cause a change in rate apart from effects 
due to absorption. The magnitude of this effect can be estimated from ths 
temperature coefficient, and the use of the gas laws, 


So (STI il 


0 DO A 


where o is the density, 7 the temperature and ¢ the atmospheric depth. 


Thus 
OR SR1 T 
eS Roi I lais 


where f’ is the contribution to the barometric coefficient due to the density 
effect. If 7 is measured in °K and ¢ in cm Hg, 


Ted and £f'=—40, 


where @ is the temperature coefficient. 
The temperature coefficient has been measured in some cases, and can 
also be calculated. The Table I shows values of the barometer coefficient and 


AR iE ale 
7 = ; 

SN ye Li DN DA CU 9-108 4-108 5-108 107 2-10? 

B RESO _ 10.4-4.8| —14.1 41.7 | —13.643.7 |— 14.3 +.8]—16.041.5|—18.144 

0 | .89+.24|—.37—+.26| —.37+.60 |—2.141.25| 0.08.07 PO 15 Nes 6 seed 
SEZIONE ST INVEST: 15.6+2 14.644 14.0+1 15.242 1744 
Ag/em? | 113 1134 87 93 98 90 80 

r | 1954+24 | 195424 | 140416 160 +50 165+12 | 180+25 | 160+40 


temperature coefficient for two shower experiments, the first four values being 
given by F. J. M. FARLEY (private communication). In the fourth row, a 
correction has been made using 2 judicious combination of the theoretical 
and measured values for the temperature coefficient. In the fifth row, we 
have calculated the apparent absorption. This seems to show a progressive 
softening of the radiation with increasing energy, as is also indicated by the 
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M.I.T. communication. However the absorption length of the particles in 
the shower is given by A=yA. It is difficult to see how an absorption 
length could decrease with increasing energy, and it is here suggested that 
over the range of shower sizes in the table, y increases from about 1.6 to 1.9 
or 2.0, so that the particle absorption is nearly constant at about 180 g/cm’. 

The present data on the absorption of the u-component of extensive air 
showers are rather puzzling. Both GREISEN [3] and DOBROTIN et al. [4] agree 
that the ws are about twice as abundant in showers at sea level as at mountain 
altitudes. This leads to an absorption length of about 350 g/cm? which seems 
unexpectedly short. We have accordingly tried to measure the dependence 
of the number of u-mesons in our showers on barometric pressure. 

A preliminary analysis shows that the number of u-mesons increases by 
1.5 +4% per cm Hg, which leads to 1/A,,, =-004+.003 or A,,,= 250*i00- 
This result does not exclude the possibility of a long absorption length. We 
hope to increase the accuracy of this measurement. 


3. — The spectrum of air showers. 


We have used the data from the experiment to calculate the size spectrum 
of showers in the region 3-106 particles to 3-108. 

The method of calculation is as follows: 

We first calculate the probabilities P(N, f) that f units will be triggered 
by a shower containing N particles. This is carried out by a Monte Carlo 
method. We then assume a spectrum of the form 


J(N)AN = kN-—4N . 


Then the rate of observing showers triggering f units is 
Ri) = A f1MaNPOT, N 
0 
where A is the sensitive area of the apparatus or 


Rif) = Ak | exp [wy]P(w, f) dio, 


where w=]1n N. 
If we assume a value y,, known nearly to satisfy the data, we may write 


(co) foe) 


Rif) = Axl | SE «8: | vo exp [wy Pw, fach, 


- _. 


where dy is a correction to the value yy. 
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Both these integrals can be evaluated and the experimental rates for dif- 
ferent values of f give a series of simultaneous equations which can be solved 
by a least squares method for k and Sy. 

Finally an independent check can be applied in the following way. The 
mean number of particles in showers triggering more than f units is 


7 N-’P(N, > f)an 
Noli ara 
N-P(N, > f)dN 


og 


and using y from above, this quantity can be calculated. 
But N is also given by 


where o is the density at r. 
This can be expanded as follows 


aN = | (1 — exp [— oa])2ar dr + 
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1 
+ al (1 — exp [— ea])?2ar dr + 
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These terms give the mean probability 
averaged over many showers that one, 
two, three etc., counters of area a should 
be triggered in coincidence with the 


shower. We have used six counters of 
area 17 cm? to determine X for the showers which trigger > 3, > 5; 235 


units on the main array and have compared the results with the figures 
given by the calculation from the spectrum. The figures agree to within 
about 15%. 

The results of the analysis are shown hey ay aware 

We find for the spectrum, 


rosse 


—1.88 
a) cio pis | Sino 


J>N)= 2.4-10-% ( 
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4. — The lateral structure of soft and penetrating components in extensive air 
showers. 


41. All charged particles. — The lateral distribution of all charged particles 
has been measured using the basic units, with one unshielded tray of 1200 cm? 
area. Information from the small «  ) counters was used for small distances 
from the core, from both the «b» counters and the pairs of «a» counters for 
intermediate distances, and from the unshielded tray at large distances. 

The centroid of units struck in a shower was determined either by visual 
estimation or by means of an analogue device, and its position taken as the 
position of the core. Concentric annuli were drawn about it, and the number 
of units struck in each annulus determined as a fraction of the total possible 
number. Densities were determined by repeated use of the expression 


p = p(1 — exp [— @A)). 
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Fig. 8. 


Lateral distribution for 3 fold, > 8 fold, and > 20 fold showers, have been 
determined for distance 45+ 700m from the core, and are shown in Fig. 8. 
The distribution are all similar in form and compatible with the Nishimura- 
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Kamata curve for S = 1.4. Total numbers of particles derived by integrating 
the normalized theoretical curves are in good agreement with direct deter- 
minations (Sect. 3), implying that the Nishimura-Kamata curves are probably a 
good approximation also in the region (0 + 45) m. No correction has been applied 
for incident zenith angle. This will not alter the form of the distribution 
appreciably, but will give rise to a correction of about 5% in density values. 


42. u-mesons. — The u-meson distribution has been measured from 
50 to 1000 m from the core and is shown in Fig. 9. Four detectors were used, 
shielded with 20 cm of lead, and selecting particles of > 450 MeV. The coun- 
ters in each detector 
were connected in two 
banks, and a rough 
separation between 
u-mesons and interact- 
ing particles could be 
made by subtracting 
the number of double 
bank coincidences ex- 5-0 
pected on the hypothe- 
sis that only u-mesons 
occur, from the number 
observed in any part 1-0 
of the shower. The 
contribution from in- 
teracting particles was 
negligible at distances 02 
> 100m from the core. 
Methods of analysis we- 
re similar to those em- 
ployed for all charged 
particles. The u-meson 
distribution is flatter 
than that for electrons, 0-01 
behaving as r°*’ at 
50m, vr? at 500m 
and r_!* at 1000m. 
The proportion of p-mesons is 1.5% at 50m, and about 30% at 700 m. The 
proportion over the whole shower is uncertain, because of contributions from 
distances greater than 1000 m, but appears to be about 8%, if the observed 
distribution is extrapolated. This proportion and the form of the distribution 
are independent of shower size over the range studied. 
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4°3. Interacting particles. — The distribution is too steep to determine, 
because of the coarse lattice spacing of the array, and consequent uncertainty 
in the position of the core. Density determinations are consistent with results 
from smaller showers. The total numbers of interacting particles in the showers 
have been determined using shielded detectors in the centre of the array, and 
integrating over the whole structure as described in Sect. 3. The proportion 
of interacting particles in 3-fold showers is about 0.3%. It is not yet pos- 
sible to determine whether this proportion changes with shower size. 


4°4. Energy distribution. — The lateral distribution of energy in the electron 
photon component has been determined by total absorption in a water-filled 
Cerenkov counter. The distribution is very similar to that for all charged 
particles, and within the statistical errors the energy associated with each 
electron remains constant at about 270 MeV from 50--500 m from the core. 
Therefore, if the photon component is assumed to carry the same energy as 
the electron component, the mean electron energy is close to the critical value 
for air, 120 MeV, throughout this region. The mean energy per electron ap- 
pears to increase somewhat for r< 50m. The total energy appearing in the 
electron-photon component at sea level, in 3-fold showers, which contain 
3.2°10° particles, is at least 1025 eV. 
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INTERVENTI E DISCUSSIONI 


— H. MESSEL: 


I would like to make a comment which not only applies to what Cocconi and the 
Harwell group have stated, but likewise will apply to a great deal of what we shall 
be hearing to-day on the structure of extensive air showers. I now refer to the 
Nishimura-Kamata expression for the lateral structure of extensive air showers. It has 
become evident that most people are not aware how this expression was derived and 


A 
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therefore what its true significance is. Among the many approximations made which 
make the calculation inapplicable to true extensive air showers there is one very 
serious one: It stems from the fact that their expression for the lateral distribution 
function is essentially constructed from the second moment of the distribution function 
only and how this can lead to a result which gives agreement with experiment over 
distances varying from one to 300 m, is beyond me. In fact, there can be no explan- 
ation other than accident for the excellent agreement between experimental results 
and the Nishimura-Kamata expression. A realistic theoretical expression for the lateral 
distribution still waits to be worked out. 
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Cerenkov Radiation in the Atmosphere 
and Its Application to the Study of Extensive Air Showers. 


VERVE RLEN 


Atomic Energy Research Establishment - Harwell 


1. — Introduction. 


After BLACKETT’s initial prediction [1] that a fraction ~ 10-‘ of the total in- 
tensity of the light of the night sky should be produced by the Cerenkov 
radiation from the passage of cosmic-ray particles through the atmosphere, 
GALBRAITH and JELLEY [2] discovered that intense pulses of light associated 
with air showers of primary energy >10'*eV could be detected with very 
simple apparatus. This initial discovery was then followed by a series of 
exploratory experiments [3, 4, 5] which revealed that the light pulses were 
in fact due to Cerenkov radiation; additional confirmation came from labo- 
ratory experiments on single particles in air in the absence of background 
light [6-9]. 

Except for a preliminary measurement of the lateral distribution of the 
light on the ground [10], and two theoretical studies of the phenomenon [11] 
and [12], work in the field has been very sporadic. This present paper is 
concerned with some of the general features of the technique and its practical 
applications to the direct study of the air showers themselves. 


2. — Properties of light receivers and their applications. 


As a detector of air showers, a light receiver has the following properties: 


i) Showers may be detected by a single instrument. 


li) The effective collecting area of the receiver is large compared with 
its physical dimensions. 
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ili) The instrument is highly directional, its field of view being controlled 
by the optics of the system and the Coulomb scattering of the particles. 


iv) Since, in a clear atmosphere, the light behaves as a penetrating 
component of the showers, it is possible to obtain information from showers 
that have died out at higher levels in the atmosphere; this is particularly 
noticeable when observing oblique showers at large zenith angles. 


The applications of the technique to studies of air showers are very limited, 
and it is unlikely that any useful information would be obtained by using 
light receivers on their own. Used, however, in conjunction with air shower 
arrays which can measure simultaneously the location of a shower core, and 
the particle density, there is no doubt that one or more light receivers would 
gain much supplementary information on individual showers. 

Since a light receiver measures, in effect, the integrated light from many 
particles, it is evident that the type of information obtained from such light 
detectors is of a very different type from that obtained by most other arran- 
gements of apparatus for studying showers. Moreover, in view of the variation 
of the Cerenkov light yield and emission-angle with particle energy, and the 
many and varied effects produced by Coulomb scattering, and the angular 
and lateral distributions of the particles in the shower, the information gathered 
by light receivers is of a very indirect type. 

With these considerations in mind the possible applications of the technique 
may be grouped under the following headings. 


i) The direct determination of the vertical distribution of electrons in 
the atmosphere, for showers of different size; an experiment of this type which 
entails measuring the lateral distribution of the light from the shower core, 
has been performed by CupAKoy and is described elsewhere in this volume. 


ii) The search for, or confirmation of «point sources » of high energy 
cosmic rays, if indeed such sources exist. 


iii) The study, with the aid of ultra-fast electronics, of the duration of 
the light pulses; this would give information on the spread in the longitudinal 
development of showers, a result which would be complimentary to the findings 
of Basst et al. [13] from their experiments on delayed particles. 


iv) The determination of the zenith-angle dependence of the direction 
of arrival of showers of different type. For this, three or more spaced light 
receivers of large acceptance angle would be operated in coincidence, and 
connected to circuits for measuring time delays. 


The light receivers themselves are exceptionally simple to construct and 
are also very cheap, particularly for work at the higher energies when single 
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photo-multipliers can be used without any additional optical system. The essent- 
ial features of the equipment used by the Harwell group are shown in Fig. 1. 
By far the most serious 


LIGHT ARRIVING FROM THE LIMIT (rigo i i, DES Pete 
OF THE FIELD OF VIEW ane SÌ q 
aio pipers MEAN LIGHT are climate, that the work 


INTENSITY TO PULSE 


i restricted to dark 
RA is severely restricted 


clear moonless nights, and 

to, y that it is almost essential to 
LAMP operate in a locality well 
CONICO removed from the lights and 
haze from nearby towns. It 

is expected that ideal con- 

£/0.5 60 cm DIAM ditions would be found at 


\ CATHODE 
FOLLOWER: 


"ARABOLIC MIRROR b y 
( SILVERED ON FRONT low latitudes for which the 

LIGHT SCREEN OR BACK) a 
duration of twilight is short, 
Wig. 1. and on a mountain plateau, 


to provide space for the as- 
sociated air-shower array and to be above the haze normally found at sea-level. 


3. — Sensitivities and counting rates. 


The threshold sensitivity of a light receiver is determined by «noise ». 
This noise, which arises from the high intensity of the background light of 
the night sky, is due to the statistical fluctuations in the rate of emission of 
photoelectrons from the cathode of the phototube. It is a function of the 
collecting area A, and the field of view 2, of the light receiver, and depends 
on the cut-off frequency f, of the amplifier and the light flux y, of the back- 
ground light of the night sky. The mean current flowing from the photo- 
cathode, is given by 


(1) i-pzAQn photoelectrons per second, 
where 7 is the cathode conversion efficiency. The average number of photo- 
electrons emitted per unit resolving time Ar of the system (where At = 1/f.) 


is thus Ai~g,AQ7Ar so that the noise-level N, due to the fluctuations on 
this number, is given by: 


(2) N= V(p,AQnif.) . 


For example, for a typical light receiver A= 500 cm?, Q = 0.15 sr, 
n=10% and f,=5 Mc/s. If we take a mean value for g, of 2.6-10‘erg, or 


— a 
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6.4:107 photons em? s~' sr~', from the works of GuvEny [14] and of Bas- 
cock and JOHNSON [15], we find from (2) that N — 10 photoelectrons. The 
light flashes detectable with such a receiver at a bias of say five times noise 
will then contain ~ (50/») photons, and the corresponding signal flux gs will 
be (50/47), in this case ~ 1 photon cm? flash. 

So much for the absolute sensitivity of a light receiver. We frequently 
wish however, to know the relative sensitivities of light receivers of different 
type, so that we can choose the parameters A, 2 and f,, to determine in advance 
the threshold shower energy £,,, and hence the counting rate Rk. To obtain 
the required relationships, the following assumptions will be made: 


1) The bandwidth is never large enough to resolve the separate photo- 
electron pulses from the background light, i.e. complete « pile-up » of noise 
pulses is assumed. 


2) The pulse-height distribution for the light pulses is of the form 
N(> h)~h-** (see reference [2]). 


3) For showers falling always at the same distance from a light receiver, 
the pulse height % is proportional to H, the primary energy of the shower, 
so that N(> E) ~ E**. 


4) The angular distribution of the axes of the showers is isotropic within 
the field of view of the receiver. 


5) Scattering and absorption of the light is neglected, as also are dif- 
fraction, dispersion and refraction. 


Let the diameter of the light-collector be D(ieA = aD?/4) and the half- 
angle of the field of view be o(ieQ=ax*), then, if S and N are the signal 
and noise amplitude (in terms of the number of photoelectrons liberated at 
the cathode of the phototube), we obtain the following relations. 


a) R(D); x and f, const. 
For a light pulse Soc A oc D? 
Background illumination B oc A cc D? 


But NaxWBoD, ..(S/N)ocD and Ba D!* 


b) R(x);D and f, const. 
The rate of reception of light pulses from showers of given #, 
is c Qo 0, but their signal size S = const. 
(S/N) cc 1/0 and thus Roc (1/0)! -0? x 0* 
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ec) R(f.); D and 0 const, 
Na / (B/f,). Provided the duration of the flash is < (1/f.), S is 
independent of f.. .*. (S/N) oc VI, and Roc (V},)15 CU e 


The lowest detectable light intensity depends directly on the noise level, and 
the corresponding threshold light flux g, will depend on A, so that E, (N/A). 


d) Ea(D); 0 and if const. 
Prom 4) oN cc. D a He soc (L/D): 
e) H.,,,(0); D and f, const. 
rom Jb), “Vico. =, od 
f) E..iu(fe); D and 0 const. 
Krom ¢), No sa SV Moe LV 


Although these relationships have not been individually tested, it is evident 
they are at least qualitatively correct, by comparing the observed counting 
rates obtained from time to time from various light receivers with those cal- 
culated from the above relations, see the following table. 


Cale. | Exp. | 
D A x Q R R Ps | Pe 


(em) | (cm?) |(degrees)) (sr) |(min-*)|(min-!)| photons) eV ae Cae 
(cm?) 

25 490 | 12 0.15 1.5 1.5 3 | 10% | First receiver 

61 2900 5.8 |-0.032| 3.9 |~5 | 0.57 | 2-10! | Pie du Midi 

61 2900 | 14 0.20 e ONT » 

150 | 17700 4.9 | 0.022 | 14 11 | 0.2 | 7-10! |Searchlight | 

La. APl264) 430 0.85 | 0.84 | 1.0 14-55-10 5in. phototube; 


“no mirror. 


The values of £... gs and H,,, have been normalized to the observed 
figures obtained with the first receiver. For showers falling at a given distance 
from a receiver, it is clear that the larger instruments will detect lower energy 
showers; the same instrument of course will also detect the larger showers 
falling further away. The experiment for which the light receiver is used, 
will determine the choice of instrument and its operating conditions. 


4. — Future developments. 


It is now evident, particularly from MILLAR’s work reported elsewhere in 
this volume, that the angular distribution of the light from a shower is governed 
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primarily by the Coulomb scattering of the shower particles, the angles for 
which are in general greater than the Cerenkov angle. It is therefore very 
desirable to obtain the distribution of light across the image at the focus of 
the mirror. It is to be hoped that this may be achieved by the development 
of some form of pulsed image converter, pulsed in order to minimize the 
build-up of the considerable background light. If an Iconoscope or Orthicon 
storage camera could be constructed whose noise-level is limited by primary 
photoelectron emission, this would serve equally well, since the background 
noise could be wiped off at a high repetition rate. 

The practical limits on the optical side have already been reached with 
parabolic mirrors of large diameter and a focal ratio of f/0.5. It is preferable, 
particularly with large fields of view, to use spherical optics instead; for this 
it would seem quite feasible to develop large telescopes of the Schmidt type, 
the opties for which of course need only be crude for this application. 

Another attractive possibility is to detect Cerenkov radio-pulses in the 
millimetre region of the spectrum where there is no background radiation and 
the receiver could be run day and night. Since the yield of Cerenkov radiation 
is proportional to dw, where © is the mid-band frequency and dw the band- 
width, it is essential to operate at the highest possible frequency. A second 
requirement is that the wavelength should be small compared with the average 
spacing of the electrons and positrons in the core of the shower, to avoid 
decoherence of the radiation from neighbouring particles. The upper limit to 
frequency is set by the O, and H,0 atmospheric absorption bands at wave- 
lengths of A=0.5 and A=1.3 cm respectively, and by the noise factors of 
existing receivers. dw is limited to ~ 100 Mc/s by the duration of the pulses. 

ff we take the measured intensity of Cerenkov radiation in the visible 
region for a 10%4eV shower (w,~ 7-10! c.p.s., dw, ~ 1.5-1014 c.p.8.), ib is 
found that a pulse power of — 2-10- W should be obtainable from a shower 
of primary energy 10! eV, with a parabolic mirror of diameter 300 cm, with 
w,~ 4:10" c.p.s. (A~ 0.8 cm) and dw,~ 108 c.p.s. The noise-level in a per- 
fect receiver at this wavelength, for which the extra-terrestrial noise is negli- 
gible, is given by kT,3.d©,, which in this example will be ~ 4:10-% W. The 
signal to noise would then be ~ 5/1. The field of view of such a receiver 
would be severely restricted by the diffraction width of the aerial beam which 
is — (A/D) or, in this case, ~ 0°.2. Such an instrument might however find 
applications if evidence is ever found for « point » sources at the highest energies. 
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PART IV. 


SECTION C: Soviet Union Air Shower Experiments. 


Brief Survey of Some Work on Extensive Air Showers 
Conducted in the Soviet Union. 


G. T. ZACEPIN 
P. N. Lebedev Physical Institute of the USSR Academy of Science - Moscow 


The main direction in the study of extensive air showers which began in 
the USSR on the initiative and under the supervision of D. V. SKOBEL'CYN 
twelve years ago is an investigation of the mechanism of their development 
in order to get information about characteristics of nuclear interactions at 
superhigh energies. 

At present research is being done by the Moscow and Georgian groups. 
The group of the Georgian Academy of Sciences was organized by Professor 
ANDRONIKASVILI a few years ago. The work begun by this group is devoted 
to an investigation of the lateral distribution of the penetrating components 
of showers observed in mines of different depth. These studies already enable 
to give an evaluation of transverse momentum of x-mesons generated in 
nuclear collisions. 

The Moscow group connected with the Lebedev Physical Institute of the 
Academy of Sciences of the USSR and the Moscow University is conducting 
research according to co-ordinated plans at mountain altitude in the Pamirs 
and close to sea level in Moscow. The installations of our Moscow group, both 
in the Pamirs and at sea level, are of a combined type, making it possible to 
obtain various information concerning showers. Using huge hodoscope arran- 
gements that include thousands of counters, the axis of each registered shower 
is located with an error of the order of one metre, and the number of par- 
ticles in the shower is determined with an accuracy up to 10% (the method 
of correlated hodoscopes). 

By means of additional counter devices and systems of ionization chambers 
connected in the set up, registrations are made not only of the electron compo- 
nent but also of the nuclear-active and y-meson component of showers, and the 
lateral distribution and energy charateristiscs of different components at 
various distances from the shower axis are determined. Apparently, further 
progress in the study of showers will, to a considerable extent, be connected 
with arrangements that give still more deatiled information concerning each 
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individual registered shower. For this reason, we intend in future to con- 
tinue developing our installations in this direction. 

Recently, a number of studies of our group were directed towards eluci- 
dating the dependence of different shower characteristics on the total number 
of particles in them, that is, in the final analysis, on the energy of the primary 
particle. 

A new element in the methods of our investigations is the study of the 
energy characteristics of showers, especially of the energy of nuclear-active 
particles in the region of the core of the shower. When a nuclear-active particle 
falls on a solid substance, a 
shower develops in the substance 
due to the nuclear-cascade pro- 
cess and practically all the ener- 
gy of the incident particle is 
dissipated in ionization in a 
limited layer of the material, 
since u-mesons and neutrinos in 
dense materials are not produced. 
Thus, by means of ionization 
chambers placed at different 
depths in matter, it is possible 
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Fig. 1. —I, II, III, IV, V - layers of dense mate- 
rial; a, b,c, d, e ionization chambers; a,, bj , 


¢,, d,, e; - sizes of ionization-bursts y in the to measure the energy of the 
respective layer of ion. chambers. Schematical incident particles calorimetri- 
representation of energy measurements of high cally, so to say. This method 


energy nuclear-interacting particles. is a direct generalization of the 


similar procedure which has been 
used by VERNOV for measurements of the energy of the electron component in the 
stratosphere. The first results obtained in the simplest version of this method, 
are presented in the papers of NIKOL'SKIJT and HRISTIANSEN and coworkers. 

Of great importance in determining the characteristics of the elementary 
act of nuclear interactions from data on extensive showers is the problem of 
fluctuations in showers, One of the experimental approaches to its study is 
the use (in conjunction with hodoscope arrangements) of systems of big ioni- 
zation chambers placed under the layers of appropriate absorbers. 

Another experimental method by means of which fluctuations in showers 
may be studied is the investigation of Cerenkov radiation of extensive showers 
in the atmosphere begun by JELLEY and GALBRAITH. In the Soviet Union, 
this trend is headed by A. E. CupAKOv. 

We believe that further work in this direction will make it possible in 
the next few years to approach considerably to the understanding of elementary 
acts of nuclear interaction at super-high energies. 
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The High-Energy Nuclear Active Component 
of Extensive Air Showers. 


V. A. DMITRIEV, G. B. HRISTIANSEN and G. V. KULIKOV 


Moscow State University - Moscow 


1. — Introduction. 


In a number of recent investigations [1] an indication was obtained that 
in extensive air showers near sea level there should exist cascades of nuclear- 
active particles of high energy ((10%= 1012) eV). A direct study of nuclear cas- 
cades without turning to the study of the secondary components accom- 
panying it is of great interest in determining the characteristics of the nuclear 
cascade process. 

In this connection we made an attempt to study statistically nuclear cas- 
cades in extensive air showers at sea level. 


2. Experimental arrangement. 


Pulse ionization chambers placed under a combined absorber were used 
to register nuclear-active particles and to determine their energy. The streams 
of charged particles of extensive air showers were registred by 720 Geiger- 
Miller counters of different area (330 cm?, 100 cm?, 18 cm 2) placed in groups 
of 12 and 24 counters uniformly around the room. Each counter was connected 
to a cell of the GK-7 hodoscope which used non-heater-type thyratrons [2]. 
The arrangement is shown schematically in Fig. 1, which also gives a cross- 
section of the detector of nuclear-active particles. The double circles designate 
the master counters. 

The ionization chambers are cylinders of stainless steel with 2 mm thick 
walls. The diameter of the cylinder, which serves as external electrode, is 
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250 mm, the diameter of the internal electrode is 4 mm. The length of the 
operating part of the chambers is 1000 mm. After a thorough preparation, 
the chambers were filled with highly-pure argon 
to a pressure of 5 atm. The voltage was applied to 
the central electrode through a high resistance; 
the external cylinder was grounded. The chambers 
were calibrated electronically [3], and also using 
the pulses from single relativistic mesons. Curves 
were constructed of the number of bursts with 
mr OTO nem, amplitude above the given amplitude as a function 

She Dec of the voltage on the chamber. Transition to the 
plateau, at burst magnitudes corresponding to more 
than 100 and 40 relativistic particles, takes place 
with a potential less than 400 V. A voltage of 
1200 V was estabilished for the operation of the 
chambers. The duration of the electronic pulse 
from the chamber was 30 us. 

A block diagram of the chamber and counter circuits is given in Fig. 2. 
All counters are connected to the hodoscope arrangement (H); the hodoscope 
readings are recorded photographically by a re- 
gister (R). Pulses from each chamber pass through 
a preamplifier (PA) to the additional device and 
amplifier (A). Moreover, two chambers have indi- 
vidual amplifiers. 

The pulse amplitudes are measured by a multi- 
channel amplitude analyzer (AA). The analyzer 
readings are also photographed. 

The amplifier of the general channel is of the 
linear four-cascade type. Each cascade has a deep 
feedback and a separate output, due to which 
the dynamic range of linearly registered pulses . lg. 2. — Block diagram of 
sede 10% circuit: IC, ionisation cham- 


SE bers; PA, preamplifier; A, 
The amplifiers of the separate chambers are amplifier; AA, amplitude 
non linear type; their dynamic range is 10°. Only analyser; R, register; H, 
pulses that coincide with the master pulses enter  hodoscope; 0, sixfold coin- 
the input of the analysers and the register. The ‘idences; TO, and 70, 
resolving time is 100 us. EST MLS 

Control of the chambers and hodoscopes was 
effected by two systems. The first system is put into operation by sixfold 
coincidences of pulses from groups of counters connected in the circuit chan- 
nels (Cs). The resolving time of the circuit is 2 us. The area of each group was 
(4° 330) cm’ = 0.132 m?. The arrangement of counter boxes of the control group 


Fig. 1. — Experimental ar- 
rangement. 
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is shown in Fig. 1. The sixfold system of coincidences was effective to select 
extensive air showers with the number of particles N > 1.104. 

The second master system is operated from chambers with the pulse am- 
plitude above the given amplitude. The duration of the pulse front from the 
chamber was 30 us. Therefore, for pulses close to the threshold in amplitude, 
the delay in switching of the threshold circuit that selected the pulses by 
amplitude, is not less than 30 us with respect to the instant of passage of part- 
icles through the chambers and counters. Still, the resolving time of the ho- 
doscope apparatus was (12— 10) us. For this reason, work of hodoscope is con- 
trolled by two threshold circuits (TC, and TC,) with thresholds that differ 
10 times. i 

Pulse increase in a cylindrical chamber in the case of non local ionization 
is close to linear [4], therefore delay time for the first circuit is considerably 
less than it would be without this system. 

The pulse from the first circuit controls the hodoscope and opens the input 
device of the analysers, but registration takes place only in case the second 
circuit is triggered. This ensures coordination of the chambers and hodoscope. 

The threshold value of the pulse from the chamber that triggered the second 
system corresponded to the passage of 800 relativistic particles through the 
chamber. Nuclear-active particles that produce in the filter a shower con- 
taining about a thousand and more particles were therefore registered in the 
case of any density of the accompaning air showers. 

As may be seen from Fig. 1 the absorber of the nuclear-active particle 
detector contains (in addition to the layer of lead adjacent to the chambers) 
about 1.8-R,,,,, grams of substance (£.,,,, is the collision mean free path). The 
detector is therefore highly effective for nuclear interactions. With a total 
probability of interaction of 0.8, the probability of interaction in carbon 
TER LU 

Given an interaction in any point of the graphite block, the development 
of an electron-photon cascade that has entered the chambers will not differ 
greatly, because the entire graphite corresponds to 2.5 ft units, whereas the 
layer of lead over the chambers contains 4t units. The average path of deve- 
lopment of the cascade equals to (6- 5) t units. In the case of such an effective 


(*) The presence of a sufficiently large upper layer of lead leads to a strong sof- 
tening of the energy spectrum of the soft component of the extensive air shower before 
hitting the graphite. n ay 

Therefore, the transition effect Pb-C in substances with critical energy differing 
by 14 times, leads practically to a screening of the chambers from the soft component 
of extensive air showers. 

The effect from the soft component and other effects leading to the generation 
of large bursts will be examined in more details below. 
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layer, the electron-photon cascades produced by primary photons of energy 
from 108 to 10!! eV, are not far from cascade maximum. 

For this reason, the number of particles in the cascade turns out to be pro- 
portional to the initial energy, irrespective of the number of primary particles 
carrying this energy, if the energy of the particles vary within these limits Bae 

The picture is of course complicated by the presence of a nuclear cascade. 
It should be noted that the layer of lead under the chambers also justifies 
the use of cascade curves since the chambers are placed in «slits » in a homo- 
geneous substance. 

The transition effect in the walls of the chamber is not significant. One 
of the present authors (V.A.D.) calculated the transition effect from Pb into 
Fe similary to that carried out in paper [5] for the case Pb-Al. 

The assumption that the spectrum of electrons and photons emerging from 
the lead is close to the spectrum at the cascade maximum is natural for our case. 

It may be seen from the Fig. 1 that the screening used is pratically equi- 
valent to an infinite filter. 

For this reason, the boundary effects are not essential. 

On the other hand, the big size of the graphite block does not lead to a per- 
ceptible increase in the effective area of registration: the emergence angle of 
T°-mesons in the elementary act is small and scattering in graphite for elec- 
trons and photons is also insignificant. 

The whole apparatus was housed in a special building with a roof of dura- 
lumin and foam plastics. The overall total of material over the unit did not 
exceed 2.0 g/cm?. 


3. — Results. 


The unit operated with control by both systems for about 500 h in January 

and February 1957. Two hundred and eighty three bursts were registered 

in the chamber corresponding to a thousand and 

more relativistic particles. The burst spectrum is 

shown in Fig. 3. The spectrum is in a good agree- 

I ment with a power law with the exponent for the 
I integral spectrum y = — 1.7 + 0.1. 


gt log N@n) 


i | Fig. 3. — Spectrum of bursts. è, upper points-total num- 
| ber of bursts. These points can be approximated by a 
20 | straight line corresponding N(> mn) ~ n_17. L lower 
| points-not accompanied by air showers. These points can 
be approximated by a curve N(> n) ~ exp [— n/560]; 

30 40 logf Ninh1m??. 
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The same figure shows a spectrum of bursts which were not accompanieds 
by air showers. They are obviously produced by strongly ionizing stars. The 
spectrum is quite well described by the law N(> n) ~ exp |— an], (n is the burst 
size in ionization units with respect to a single relativistic particle that tra- 
verses the chamber with an average path, (1/x = 560)). This agrees with data 
obtained in papers [6] for burst produced by stars. Bursts from stars thus 
determined amount to (0.36 + 0.04) for all bursts when n ~ 1000. The total 
number of bursts with n > 1000 is equal to (0.62 + 0.04) m_? h-?. 

The spectrum of extensive air showers, selected by the unit is of a type that 
is usual for such units with a maximum at N = 2.5-10*. 

The spatial distribution of axes proved practically uniform in the circle 
R= 2.5 m. 

To check the «screening » of chambers from the soft component of exten- 
sive air showers, a preliminary comparison was made of the spectra of bursts 
(in chambers) produced by extensive air showers in the case of different thick- 
ness of the upper layer of lead: 2 cm, 4cm and 5 cm. Spectra under 2 cm 
and 4 em differ in intensity by more than twofold even in the region of n > 1000 
Spectra under 4 cm and 5 cm do not differ (with an accuracy up to 10 COGI 
the case of any bursts (1000 > n > 10). 

It is important to know the value of A, the constant of proportionality 
between a burst expressed by the number of relativistic particles and the energy 
of the primary particle that produced the given burst. Its value depends on 
assumptions concerning the characteristics of the elementary act. 

We made an estimate of K with the following assumptions. 


a) The collision mean free path (emfp) of high-energy particles in gra- 
phite in the region of interest does not depend on the energy of the particle and 
is equal to È = 70 g/em?. 


emifp 


b) The fraction of energy imparted, in each act, to mesons does not de- 
pend on the primary energy 2) and is equal to 0.3 E,. Thus 0.1 E, is given up 


to 7°-mesons. 


c) The cross section of interaction of secondary x'-mesons likewise does 
not depend on the energy and corresponds to R.,.,, = 70g/em?. In the inter- 
action + of the initial energy of the mesons passes into 7°-mesons. 


d) The number of mesons produced in interactions is not large. 


We found the average fraction of energy imparted to the electron-photon 
component in the first three generations of the nuclear cascade that developed 


in graphite. 
The primary spectrum of the nuclear active particles was taken into ac- 


count. 
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It must be noted that the most probable value of energy differs from the 
average value only by 10%. 

The development of a cascade in lead was considered on the basis of paper [7]. 
Insofar as the spectra of secondary 7°-mesons are unknown, the mean values 
were taken of number of particles under the lead. These values were obtained 
under the assumption that the cascade was caused by one 7°-meson of energy 
E or by 10 7°-mesons of energy 0.1 E. (The difference in resulting figures is 
about 30%). The value of the coefficient thus obtained for bursts with n > 1000 
ie == 8-108 eV. 

Analysis of hodoscope data made possible to determine in each indivi- 
dual shower the total number of particles N and the position of the axis. 
The accuracy in determing the position of the axis was about 1m. A know- 
ledge of the position of the axis of an extensive air shower permits the investi- 
gation of the lateral distribution of nuclear active particles of a given energy 
in the showers. If we have N(r) showers, the axes of which fall at a distance 
r,v + Zr from the detector and in m(r, n) cases the accompanying bursts con- 
taining n particles are registered then 


o mir, n) 
€ b) Fa N(r):0 ’ 


where c-is the area of the detector, o(r, n) is the density of particles of given 
energy. In this experiment m(r, n) < N(r) and therefore these formula is right. 
At first the functions m(r, n) and 


«4 elm?) N(r) were determined and then the 

015 density of particles of given energy 
was found. 

“a The results for particles which pro- 
duce different bursts are given in Fig. 4. 
Data were obtained from 410 shovers 

0.05 


with N > 1-10*. It must be pointed out 

that although the density of the nuclear- 

tr af ca at) active particles producing bursts of 
Fig. 4. - Lateral distribution of nuclear- n a RARA i eee 
active particles in showers. Upper histo- LET RTO WWF. grag elia o ro 
gram 100<n< 1000. Lower histogram registered of the presence of such part- 
1000 < n < 10000. ; icles that were apparently sufficiently 

far from the axis in dense showers, 

i.e. in cases of considerable density of the soft component throughout the room 
in the absence of a clear gradient of density. Table I lists data on the quantity 
of particles of energy greater than the given energy in an average shower in a 
circle of radius 2.5 m, in the case of different total numbers of particles in 


de Li 
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TABLE I. 
N Na n> 50 | 100 | 200 | 400 | 800 | 1000) 1500, 2.000) 3.000 4000 

ISTOTR SOF.) 127, | The average 2.01 1615/1319 0.8) 0.4) 0.84 0.8 | 0 0 0 
| 3-104- 1-105 | 82)number ofthe] 3.4 | DL OI) alee G2 AO N04 40 0 0 
| 1-10°- 3-10 | 35/ particles in a | 9.5| 5.6] 3.5) 3.9) 3.4) 1.7 ISO. 0 0 
| 3-105-2-108| 9| shower F(n) |15 |15 [13 |11 |11 |11 | 9 Fou Mr 
1-104 =3-10¢| 147) The:average | 15. |12 | 105.) 6 | 3 |-2 | 2 | © 000 
|3-104-1-105| 82) number dati 2,0 8 5 | Oa 0 0 
| 1-10 - 3-105 | 35 of the (Ave Pro fi 7 6 3 2 0 0 0 
| 3-10--2-10°| 9| ‘bursts M(n) | 7 7 6 5 5 5 4 4 3 2 


the showers. IS10* N = 3-104; 3-108 < Nix 1-103 1-10 N =< 3-10 and 
3-105 < N < 2-10*. A measurement is made of M(n) number of bursts of 
given value with the shower axis inside the circle of radius 2.5 m and N, num- 
ber of showers in the given interval of the number of particles with axes in the 
same circle. No matter what the form of the function of lateral distribution 
of particles of given energy in the shower and with a constant density of shower 
axes in the given circle, the number of particles of given energy in one shower in 
the selected circle F(n) is determined by the following expression: 


M(n):8S 


Fn) = N ae 
sh 


where S is the area of the circle and o. is the area of the detector. 
Indeed 


R 
F(n) = | ereenrar, 
0 
R 
M(n) = fool) rd dr; NAS; S =n? , 


0 


whence the above expression follows. 

Choice of R = 2.5 m followed from the requirement of constant density of 
shower axes within the circle. 

The statistics are insufficient for building a spectrum in the region of bursts 
greater than h = 1000 for each of the shower groups. 

The spectrum in this region of bursts for showers with N > 10‘ is a power 
spectrum, with the exponent k = 1.1 + 0.4 (see Fig. 5). 

A knowledge of the position of the axis and the magnitude of the burst 
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produced by the shower makes it possible to determine the lateral distribution 
of the energy flux carried by the nuclear active component of the shower. 
Fig. 6 shows the distribution of den- 


sity of energy flux for two groups of 10 (N)-m=* 
showers: with 1:104< N <3-10* and ° 
with d-10° <"N < 2100. 75 


Table II lists the experimental va- 
lues of energy (averaged over groups 


6 fog Fen) 50 


25 
aye r(m) 
1.0 2.0 ae 
Fig. 5. — Energy spectra of nuclear act- Fig. 6. — Lateral distribution of energy 
ive particles in showers (in number of flux of nuclear-active particles in show- 
particles per shower within a circle ers. Upper histogram 1-105< N < 2-108. 
TR =e Dey va), MO =< Ty ee PAOLO Lower histogram 1-10!< N < 3-104. 


of showers) carried by the nuclear active component (n.a.c.) of the shower in 
a circle R = 2.5m from the axis and also the assumed values of total energy 
carried by the electron, photon and nuclear cascades at the given level. 

This total energy was found from the equation E = N-8-ÈR where f is 
the value of ionization losses per g/cm? of air; 1/F is the absorption coefficient 
of the number of particles in the shower (Rk = 200 g/em?) and N is the total 
number of charged particles at the level of observation. 


ABELE 
N N BS Exotal Bruco 
1-104—2-108 6.3: 104 2 LOL Vi 2.5: 1048 eV 0.08 


4. — Diseussion of results. 


Let us examine the data obtained. Let us first consider in more detail 
the nature of the observed big bursts which accompany extensive air showers. 

The large bursts that are observed can in general be produced not only 
by nuclear active particles of high energy, but also: 


a p 
= è 


bp stl PURE og SEAL TG | : A ; 
SELEY CADRE ATIVE COMPORENT OF Wve 21k ssomrzi 1995 
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1) be due to the penetration through the filter A dectron-photon cascades 
fron desttons 204 photons A high energy: 


2) be due to the nudear disintegratione in the walls of the chamber: 


3) he due to the dertrossaggatie interaction A y-mesons contained in the 
thower. with the formation A detron pps cascades. 


La ns evaluate the role of all these camses in an extensive air shower. 

Whe role A dertron photon cases in the creation of bursts becomes insi- 
sprite. 26 bee dresdy born siste due to the use of 4 complex filter of lead 
and graphite. 

The dectrons and photons that emerge from the first layer of lead are essen- 
tyalir absorbed im the graphite. 

H the thickness of the second layer of lead is such that showers from dee 
trons 2nd photons ~ 99 MeV pass through it then absorption in the complex 
filter will be stronger them in on eguivalent (according to (units) quantity 
A lex 

A cileniaion carsici out by L A. Natty for the filter of our arrangement 
showed thet. tor example. for 2 primary dectron o photon A energy = 107 eV 
ne dovizia 100 derirons under the complex filter, wheress for an equivalent 
(zocorins to tanita) Siter A Sead the number is 700 dertrons. 

H we case that the cnerey spectrom of dertrons may be extrapolated 
inte the region of larger energies seourding to the law E * for 8 — 1-25, which 
seeming 10 (1) is valid up to energies 10% eV. then using the data of paper [5] 
ne Sind that the umber of dectrons with E > 10° eV = 03 in showers with 
the mussber di partides D = 10. This ummber is an order less then the uum- 
ber of bursts with the number of relativistie particles > 100, observed in one 
diver. 

From this point di view the result of the contro) experiments on the absorp- 
| tion of the mumber of bursts in the case of changes in the upper layer of lead 
fm the filter. seems natural i 
Ii sbordi. however. be noted that # dertrons and photons of energy 
> 3-16 «V are present în the extensive ait shower, the role of the dectron- 
psion casale» may SOW contiderabiy due to the Landan-Powersnéuk- 
Misha «fieri (Sì 

Sudear disiuiesrations may be produced by undearaetive particles of low 
emerzy- As is shown în [16] the profucts of unclear disintegrations exter the 

di thee Chamber om the aye 1 ge 

| Sepumies in 2ecorfanee with [II] that the portion of unclear active par- 
ties off amy cnerey does not exceed 10+ of the number of clectrons near the 
| shower axis. we find that m the «inde of radius 25 m their number should be 


sali 
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Assuming the range for interaction with the formation of nuclear disin- 
tegrations 100 g/em2, we obtain the number of nuclear disintegrations due to 
nuclear-active particles 31079 N. 

That is a value considerably below the observed value. 

N is the number of shower particles. 

The role of electron-photon cascade from radiation collisions of p-mesons 

ay be evaluated as follows. The radiation unit for a p-meson X,,, = (u/m)?Xo., 
where is the mass of the u-meson, m is the mass of electron, and X,, is the 
value of the radiation unit in g/cm? for the electron. 

Thus, in lead the radiation unit for a y-meson is 4.104-5 g/cm? = 2-10° g/em?. 

This is the reason why, as was shown by calculation the probability of 
generating a large burst due to u-meson by using [12] is sufficiently small. 

Thus, the big bursts that are observed are undoubtedly related to the pre- 
sence in the shower of nuclear-active particles of high energy. 

As may be seen from the type of energy spectrum of nuclear-active part- 
icles given in Fig. 5, there exists in shower a whole stream of high-energy part- 
icles, that is, a nuclear cascade. The high-energy nuclear-active particles are 
exceedingly concentrated near the shower axis. 

We find that nuclear-active particles of energy > 10! eV are concentrated 
near the axis in a circle of radius (1-- 2) m i 

Hence we obtain an estimate for the transversal momenta acquired by a 
nuclear-active particle in the case, of nuclear scattering or in the act of gene- 
ration. Assuming the mean free path of a nuclear-active particle to be 500 m, 
we obtain p, < 10° eV/c. 

A striking feature is the sharp concentration near the shower axis of energy 
fluxes carried by the nuclear-active particles. 

It may be considered that the basic energy carried by a nuclear cascade 
is concentrated in the circle of radius 2.5 m under consideration. 

From the data given (Fig. 5 and Table I) concerning the energy spectrum 


of nuclear-active particles it is clear that we are unfortunately unable to deter- 


mine the total energy carried by a nuclear cascade near the core, and are able 
to give only a minimum estimate*). 

To attain equilibrium between the electron-photon cascade and the nu- 
clear cascade it is necessary for the energy contained in the nuclear cascade 
to be approximately equal to the energy of the electron-photon cascade. Thus, 
experimental data on showers with a large number of bees do not con- 
tradict this picture. 

Quite different is the case of showers of low energies (104 < N < 3-104). 
Though we are likewise unable to determine the total energy near the shower 


*) As a matter of fact, we determined the energy spectrum up to values of H where 
the decline is not faster than H-, 
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axis for an averaged shower with such a number of particles, the energy spectrum 
is continued to the region of such energies as are met with in an averaged 
shower with a probability of less than unity. 

Insofar as this energy may be of the order of energy carried by the electron- 
photon component of the shower with (10‘< N < 3-10‘), this circumstance 
indicates that in the development of low-energy showers there may be appre- 
ciable fluctuations, and in an individual shower equilibrium is not attained. 


aK OK ok 
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and y-Mesons in Extensive Air Showers. 
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Many experiments [1-5] have been carried out recently with the aim of 
a detailed study of the lateral distribution of the densities of electrons, u-me- 
sons and nuclear-active particles in extensive ais showers of cosmie rays in 
the lower part of the atmosphere. The lateral distribution of electrons and 
u-mesons was investigated up to distance of the order of several hundreds 
metres from the shower axis. 

In connection with these experiments it is worthwhile considering the 
problem of the relative role of different factors that affect divergence of shower 
particles. 

Shower particles may diverge from the direction of flight of the primary 
particle, that generates the whole shower, due to the following reasons: 


1) Angular divergence of secondary particles: 
a) in elementary acts of the nuclear-cascade process and 


b) in acts of spontaneous decay. 
2) Coulomb scattering (of charged particles) on atomic nuclei of the air. 


3) The Lorentz force due to the magnetic field of the earth (acting on 
charged particles). 


After the discovery of the so-called « anomalous » width of the shower [6] 
it was supposed [7] that the first of the above points is the main cause of the 
broad spatial divergence of shower particles. 

However, a more detailed analysis of the second and third points shows 
that this conclusion must be reconsidered. 

Let us first examine the lateral distribution of electrons. Electrons arise 
in an extensive air shower in electron-photon cascades generated by y-quanta 
from the decaying 7°-mesons, which are produced in elementary acts of the 
nuclear-cascade process. AS was shown in [7] the largest angles of emergence 
(that are possible from the point of view of the laws of the conservation of 
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. energy and momentum) of 7°mesons in these acts are sufficiently great for 
the cores of individual cascades to diverge at distances of the order of seve- 
ral hundreds of metres from the axis of the whole shower, creating at these 

i distances such electron-flux densities 
as required for agreement with ex- 
perimental data. 

According to the calculations of 
MoLIÈRE (1943) and EyGes (1948), 
which up to recently were the only 
ones available, electrons in electron- 
photon cascades could not propagate 
on such large distances in sufficient 
quantity. 

However, during recent years 
(1954, 1956) NISHIMURA and KAMATA 
and also GREISEN gave a more pre- 
cise solution of the problem of the 
lateral distribution of electrons in 
electron-photon cascades, and their 
results lead to a quantitatively differ- 
ent conclusion. 

Let us compare the experimental 
lateral distribution of electrons [1-5]) 
with the theoretical distributions ac- 
cording to NISHIMURA and KAMATA 
for various parameters S of the de- 
velopment of an electron-photon ca- 
scade. We note that despite the fact 
that the development of the electron- 
photon component in an actual ca- 
scade takes place differently on the 
whole than in an electron-photon ooo 
csacades, such a comparison of late- 
ral distributions is justified insofar Fig. 1. — The comparison of experimental 
as the latter is determined primarily Jateral distribution of electrons in exten- 
by the energy spectrum of electrons air shower with theoretical distribution 
and depends but very slightly on due to NISHIMURA and KAMATA (1954) ; 
the «prehistory » of the electron- ie ig a gh rue ea) (19821): 
photon cascade. 

Fig. 1 shows the lateral distribution of electrons taken from the ref. [1-5]. 
The value r,= (£,/8)X, (E=19 MeV; p= 72 MeV and X,= 270 m above sea 
level) is taken as the unit of length. The theoretical curves are given for the 
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0.01 


0.001 
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I, 


0.01 0.1 1 10 


600 G. B. HRISTIANSEN 


parameters S= 1; 1.25; 1.4. All curves are normalized with respect to the . 


areas under them. The experimental points make a good fit on the theoretical 
curve S= 1.25 up to distances r= 3 [5], and do not contradict the slope of 
the curve with S= 1.25 for great distances up to r=7 [4]. 

The coincidence of the experimental curve with the theoretical curve with 
one definite values of S in such a wide range of distances is not, of course, 
accidental, and it is natural to assume that this is due to the fact that the 
energy spectrum of the electron-photon cascade of age S, and the divergence 
of electrons is entirely determined by Coulomb scattering. Unfortunately, the 
energy spectrum of electrons has not as yet been measured; however, it should 
be pointed out that the absortpion coefficient of electrons obtained by studying 
the barometer effect and the altitude dependence of showers is in agreement 
with the value S=1.2 [5, 8]. 

Thus, if the energy spectrum of the electrons in the shower coincides with 
the energy spectrum of electrons in the electron-photon cascade of age S, then 
the experimentally observed wide lateral distribution of electrons may be 
explained by taking into account only the Coulomb scattering of the electrons 
of individual electron-photon cascades. In this case there is no necessity of 
assuming that the cores of these cascades diverge considerably with the main 
core of the extensive air showers (*). 

Let us now consider the lateral distribution of u-mesons. p-mesons arise 
from the decay of 7° and K* mesons in the upper layers of the atmosphere. 
According to experimental data [9], the generation of u-mesons ,in extensive 
air showers takes place in the altitude range from 5 to 20 km above sea level. 

u-mesons cover a large distance from the point of generation to the level 
of observation without any interactions involving considerable losses of energy 
and lose their energy slowly on ionization of the air atoms. The lateral distri- 
bution of low-energy u-mesons was investigated in some works [3-5]. Accord- 
ing to experimental data, the meson density falls off much more slowly than 
the electron-flux density even at great distances of the order of hundreds of 
metres from the shower axis. 

Since free path is large, an essential role is played in the lateral divergence 
of u-mesons both by their Coulomb scattering on nuclei of air atoms and by 
deflection in the earth’s magnetic field, even in the case of a relatively large 
value of energy. 


The decrease of 0,,(”) is not steeper than 1/r?. Therefore at the maximum | 


distances from the axis, which where studied in the above-mentioned works, 
we shall not consider quantitatively the influence of Coulomb scattering and 


(*) As was shown by Cocconi (1954) the earth’s magnetic field does not affect 
appreciably the lateral distribution of electrons when observing showers in the lower- 
part of the atmosphere. 
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the deflections in the earth’s magnetic field. We shall confine ourselves to 

an evaluation of the root mean square deflections of u-mesons of energy H 

due to multiple scattering Vr? and their deflection in the magnetic field 7,,. 
Obviously 


H 


a | E? 
i! r2 — h2 Ae. > vee b NN , gh 
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3 
Here H is the height of generation of u-mesons above the observation level; 
t) is the depth of the observation level in cascade units; H, is the parameter 
of the theory of multiple scattering; 6 is ionization losses calculated per ra- 
diation unit in air; E, = 21 MeV; # = 72 MeV; « is the coefficient in the 
barometric formula «= (1/7000) m *. 
For r, we have the following expression: 


H 


(2) "pd | dh i E + pil — exp [— «h]) 
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where 3¢ is the component of the earth’s magnetic field perpendicular to the 
axis of the extensive air shower. 

Assuming the altitude of generation of p-mesons H= 10 km above sea 
level and considering that the average energy of u-mesons at great distances 
from the shower axis is close to the minimum energy still registered by the 


detector and equal to 3-108 eV in the experiments quoted above, we find Vv ri 
and r, given in Table I for sea level. 


TABLE I. 
= = ci e is == — = == == _—e—ce= == = E. 
A/ Peo Vr Tm | 
Pe Aden: Nites. wl 
VP 400m «| 300 m | 200 m | 


Table I also gives the experimental values of Vr? at sea level, for which 
an estimate may be made only of its minimum value. 

Thus, the lateral distribution of low-energy p-mesons, which are usually 
studied in experiments, is essentially determined by Coulomb scattering of 
u-mesons and their deflection in the earth’s magnetic field. The angular di- 
vergence of the «parents » of u-mesons in elementary acts of the nuclear-cascade 
process is obviously also essential for the divergence of u-mesons. However, 
the relative role of all these factors cannot at present be determined definitely 
without additional experimental data, and, above all, data on the lateral dis- 
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tribution of u-mesons, their energy spectrum, and also their altitude of ge- 
neration in the atmosphere (*). 

Of special interest is an analysis of data concerning the lateral distribution 
of u-mesons of high energy, since high-energy mesons arise in the nuclear- 
cascade process in elementary acts of still higher energies. Such data were 
obtained as early as 1952-53 in the works of GEORGE and Cocconi. However, 
they are of a qualitative nature, because the lateral distribution of u-mesons 

was studied by the method of the 

10.0 correlation curve. Recently, E. L. 

| ANDRONIKASVILI and M. F. BIBILAS- 

VILI [10] using the method of cor- 

related hodoscopes, obtained the la- 

teral distribution of u-mesons of en- 

ergy H>1.5-10%eV in extensive 
showers at sea level. 

The experimental data [10] are 
given in Fig. 2. As may be seen, the 
lateral distribution has been studied 
up to distances where there is a de- 
cline in the function o, (7) — 1/73. 
Hence, it follows that the exper- 
imental data permit of calculating 
the integral that corresponds to the 
total number of u-mesons in the 
shower | 0,(r)2ar dr, insofar as it does 
not diverge at the upper limit (+). 
Thus, it is worthwhile considering 
in detail the influence of Coulomb 
scattering and the earth’s magnetic 
field on the divergence of u-mesons (*) 
of high energy. 


tog g (1/m?) 


0.1 


log r (M) 
10 100 


Fig. 2. — The lateral distribution of y- 


mesons in extensive air showers. I) Theoret- F 
(RRSSAA gt canret. Let us find the function of la- 


= 10! m. II) Theoretical curve o(7, > Ein); etal distribution g(r) for the case of 
y= 1.3; H = 104m. III) Experimental divergence of u-mesons due to Cou- 
data [10]. lomb scattering and deflection in the 


(*) The question should be considered of the sensitivity of V/ ri and y, to altitude 

of generation of u-mesons H. The value of 7,, is highly sensitive to H. According to (2) 
and with account taken of ionization losses, 7, — H?. The value of 72 is much less 
sensitive to H at aH > 1: 12 ~|2/a2 — H® exp [— «H]|. But when aH < 1, ~ («H). 
Vo It seems impossible to calculate 72 from experimental data, since its deter- 
mination requires a study of .(7) up to distances that correspond to a decline of 1/r°. 
(*) The installation of ANDRONIKASVILI and BIBILASVILI was oriented in this direction. 
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magnetic field of the earth, ignoring the above point (1). The lateral distri- 
bution of p-mesons of energy E > pt,(1—exp[—«H]) that suffer multiple 
seat tering, has the form of the Gaussian curve o(r, E)AE = O(£) exp [—7?/ 
/r?(2)|dE where r?(£) is determined by the above formula; C is determined 
from the condition 


o(r, E)dE 2ardr = F(E) dk 


If F(E)AE = AE-d4E then 
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since +2 = (1/H?)6(H, t,). 
The action of the earth’s magnetic field leads to a lateral separation of 
u-mesons according to their energy and the sign of charge. If the shower 
axis is directed vertically, the positive u-mesons will be deflected eastward, 
and the negative u-mesons in the opposite direction. The deflection of all 
u-mesons of energy E are the same and equal to r,(£) =(4?/2E)-300#. 
Thus, the combined action of Coulomb scattering and deflecting in the 
earth’s magnetic field may be taken account of in the following expression 
for o(r), which gives the spatial distribution in the direction W-E (*). 
feature ta | Bie PESCA 
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Fig. 2 shows the theoretical curves calculated in different assumptions with 
respect to y [11], for #,,, =1.5-10" eV, H=10km and for the altitude of 
Tbilisi. A comparison of tnese theoretical curves with experimental data 
shows that spatial divergence of high-energy u-mesons can be due principally 
to the above points 2) and 3) (*). 


(*) The transverse momentum acquired by a u-meson due to point 1b) is according 
to the order of magnitude equal, for 7 >u+v decay, to u_c/2 and, for K >u+v decay 
to uge/2 = 2ur0. 

(+) The discrepancy observed between the experimental and theoretical curves 
may be understood if we take into consideration the geometry of the apparatus (10). 
The detector of high-energy u-mesons was at a depth of 27 m underground. The 
equipment that fixed the shower axis was situated on the earth’s surface. Due to an 
inclination of the shower axis to the vertical there could arise a systematic error (an over 
estimation) in determining the distance from the shower axis to the detector of the 


order of one half the depth. 
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Using these data, it is possible to evaluate the size of the transversal mo- 
mentum acquired by secondary particles, 7° and K* mesons in elementary 
acts of the nuclear-cascade process. The transversal momentum of the se- 
condary particle of energy H is p, =(£/c)d, where # is the angle of emer- 
gence of the secondary particle in the laboratory co-ordinates. If the energy 
spectrum of u-mesons is of the form F(H)dH= AE dk, E> En then, 
disregarding ionization losses and the probability of decay of u-mesons (this 
holds for E > 10! eV) we may obtain the differential spectrum of the decayed 
7 mesons or K* mesons: 


A 1 M\* 
Set ee eee pp B= ESN — | Bae 
gi K = (my E | (n) ; 
A M\-” M\? 
— a — el VISITARE E> Fi dea 
Ri K [1—(m/M)?]y (5) | (n) 


where M is the mass of x* or K* meson, 
mis the mass of a u-meson, 


mm 18 the minimum values of energy of the registered u-mesons 
(equal in experiments of ref. [10] to 1.5-101° eV). 


Let us determine here from the value of £*, i.e. of such an energy that 
the x* (or K*) mesons having the energy exceeding this H* form one half 
of decaying mesons. For the case of r* mesons, E* = 27. —3-10! eV. 


min 


For the case of K* mesons, E*=7E_, = 10" eV. 
E* 50m 
xp i = E. io 
A ee: D, and since VESTA = 510-3, 
then 
PESO LUN Dda LONEV. 


In concluding it should be noted that Coulomb scattering should also be 
taken into account in analyzing data on the spatial distribution of charged 
nuclear-active particles in extensive air showers. 


* ok OK 


The author wishes to thank S. N. VERNov and F. T. ZACEPIN for a dis- 
cussion of these problems. 
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Cerenkov Radiation of Extensive Air Showers. 


A. E. CupAKov and N. M. NESTEROVA 
P. N. Lebdev Physical Institute of the USSR Academy of Sciences - Moscow 


Short light flashes superimposed on the background of the night-sky glow, 
correlated with the passage of cosmic rays in the atmosphere, were first de- 
tected in 1952 [1, 2]. It was soon established that .at least some of these 
flashes are caused by Cerenkov radiation of extensive air showers ([3-5]. 

Further experiments in this direction were 


2 conducted by the authors in the autumn of 1955 
in the Pamir Mountains (altitude 3860m). The 
purpose of this work was to study the lateral 
distribution of the light flux relative to the core 

© ; ‘ i jo" cd 

= iG a 5 of the showers and also to investigate the relat 


ion between the intensity of the light flash and 

the size of the shower. 
The arrangement included an optical receiver 
that registered the light flashes, and a Geiger 
5 counter hodoscope. The latter consisted of 5 
Ten Th eeanpaentor the units, each containing 96 counters (each counter 
hodoscope units. 0, hodoscope of area 330 cm?). The position of the units is 
unit. ®, light receiver. shown in Fig. 1. The hodoscope was triggered 
at the instant of registration of the light 
flash. The hodoscope registers were photographed on film at all five units. 
The point of incidence of the core and the total number of particles in the 
shower N was found for each shower of sufficient size, using the readings of 
all hodoscope units. This operation was carried out using the lateral distri- 
bution function of particle flux, which function was obtained in [6] and it was 
used only in those cases when not less than three counters in each unit were trig- 
gered in the central and at least in two periphery units. Given such a criterion 
that ensured sufficiently determined condition for the analysis of the hodoscope 
data, it was found possible to analyse showers with 105 or more particles, when 
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the distance from the centre of the system to the shower axis did not exceed 
150m (for N< 106) and 250m (for N > 10°). 

The optical arrangement consisted of eight light receivers. Each receiver 
consisted of a parabolic mirror at the focus of which the cathode of a photo- 
multiplier tube (type FEU.-19, diameter of photocathode 3.5 cm) was placed. 
The mirror of diameter 45 cm and focal length 19 cm had a front surface 
coated with an Al-reflecting layer. The coincident pulses from two receivers, 
whose axes were oriented parallel to each other, were used to present a master 
pulse. 

This made it possible to increase the stability of the system, especially in 
the case of a relatively low triggering threshold. 

The master pulse which ensured the passage of pulses through all eight 
channels for subsequent recording was produced at the output of the coinci- 
dence circuit. This same signal operated the hodoscope. The resolving time 
of the electronic apparatus for measuring pulse amplitudes from the photo- 
multiplier tubes, was 2:10 8s, and for the hodoscope of the Geiger counters 
it was 5-10-®s. 

Thus, the intensity of the light flash in all eight receivers and the flux 
density of particles at five hodoscope units, were simultaneously registered. 

Two series of measurements were made with this apparatus. In both cases, 
the two master receivers were placed in the centre of the hodoscope system 
and oriented vertically, which determined the vertical direction of the showers 
registered (in a solid angle of 1/40 sr). 

The sensitivity of the light receivers was adjusted so that about 100 pulses 
per hour were registered. It turned out that, on an average, each flash was 
accompanied by triggering of twenty hodoscope counters, while the number 
of cases when no counter was triggered, was 4%. 

Thus, it was established that practically all light flashes of a given intensity 
were produced by extensive air showers. 

The number of events, when it was possible to determine the point of pas- 
sage of the shower core, amounted to 10 per hour. 

In all these cases, a determination was made of the distance from the 
shower axis to the light receivers, and then the magnitude of the pulses from 
the photomultiplier tubes was correlated with the distance from the shower 
axis, and with the total number of particles in the shower. 

In the first series of measurements, six receivers were situated in different 
places at a distance of about 40m from the centre, and were oriented ver- 
tically (just as for the master receivers). This made it possible in principle 
to determine for each shower the light intensity at various distances from the 
core. However, in this experimental arrangement errors of light intensity 
measurements proved so great that the results could not be used. These errors 
were principally due to a dependence of sensitivity of the light receivers on 
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the angle of incidence of the shower. Since the cathodes of the photomul- 
tiplier tubes were not uniform, the angular characteristics of the telescopes 
(the dependence of sensitivity on the angle of incidence of the light) were 
likewise not identical, especially in the region of angles close to the limit of 
the field of view of the receiver. 

To reduce errors due to registration of inclined showers, in the second series 
of measurements the receivers were disposed as follows. Two master receivers 
remained as before, in the centre of the hodoscope system, and were oriented 
vertically. The remaining six were placed around the circumference at a dis- 
tance of 2m from the master receivers and were inclined at an angle of 5° 
to the vertical towards the center of the circle. 

Thus, all receivers registered the intensity of the light flash practically at 
the same place, namely in the centre of the system, but on the other hand 
it was possible to estimate the angle of inclination of the registered shower 
from the ratio of the pulse amplitudes from different receivers. 

In order to avoid errors due to inclined showers, we selected only those 
cases for which the angle of inclination was sufficiently small (not more 
than (3+ 4)°). The criterion for this was the requirement that the pulse ampli- 
tude in the vertical receivers should be at least not less than in any one of the 
inclined receivers. 

To determine the intensity of the light flash use could be made both of the 
readings of the master and the inclined receivers. It was found that the most 
precise measure of the intensity of a flash is that corresponding to the sum 
of the pulse amplitudes in the six inclined receivers, which is apparently 
explained by a certain averaging of non-uniformities of the cathodes in this 
method of analysis. 

During 80 hours of running, 230 showers were registered which satisfied 
the criterion of « verticality » and at the same time permitted hodoscope ana- 
lysis. For each one of these, we know the total number of particles N 
and the intensity of the light flux at a certain distance R from the axis, 
which distance varies at random from shower to shower. 

Fig. 2 and 3 show the distribution of these showers according to N and 
to KR. Because of the exis- 
tence of hodoscope and ops 
tical « threshold », large dis- 
tances (& > 100m) are re- 
presented principally by 
greater size (N > 3-105), and 

| I 2 small distances (R < 30 m) 
810° 10° 210° Sid 10° 240° s10° iow are naturally represented 
Fig. 2. - The shower size distribution of the events. principally by showers of 
N, the total number of particles in the shower. size N < 3-105, 
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Correspondingly, data concerning the intensity of the light flux at small 


distances from the axis 
were obtained for showers 
with N<3-105 and at 
great distances only for 
showers with N > 3-105 
in the interval 30m< 
<R<100m. Showers from 
N 3105 to N = 3-10® are 
represented. 

If we assume that the 
form of the lateral distri- 
bution of the light does 
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Fig. 3. — The distribution of the events with respect 
to R. R. the distance between the shower core and 


the light receiver. 


not depend on the shower size, and the light intensity is simply proportional 
to the number of particles in the shower, namely 


@O(k, N) = N-p(h) [1], 


we may obtain the function g(R) = @/N in the range of distances from 10 to 
250 m, using for this purpose all registered cases, Fig. 4. 

In this same figure, the solid line denotes one of the theoretical curves 
shown in Fig. 5 appropriately normalized. Normalization is necessary due 
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Fig. 4. — The lateral distribution of 
light intensity with respect to the 
shower core position. &, the distance 
from the core. (p>, the average light 
intensity in arbitrary units. The solid 
line is one of the theoretical curves 
(suitably normalized). 


to the fact that in these experiments only 
relative measurements of the light inten- 
sity were conducetd. By suitable normaliz- 
ation it is also possible to reconcile approx- 
imately the experimental results with cur- 
West Rye Beand. Be. 

The errors of the experimental points 
in Fig. 4 are presented on the basis of the 
observed spread of g(R) for each interval 
R, taking into account the number of cases 
averaged. For all intervals of distances, 
the average deviation of the g from the 
mean value at R= const. is of the or- 
der of a factor 1.5 +2 times. 

These deviations (especially in the case 
of small R) may be explained to a certain 
extent by errors in the apparatus, but it 
is possible that they were mostly due to 
fluctuations in the development of the 
showers. 
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A trivial source of such fluctuations is a spread in altitude in the atmo- 
sphere, of the point of origin of the showers, which fact depends greatly on 
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Fig. 5. — The theoretical lateral distri- 
butions of light for different models of 
shower development. Curves A, and A, 
correspond to the purely electromag- 
netic cascade with initial energy of 
electrons 10% and 10% eV. A; corres- 
ponds to a cascade curve of the type: 
N(p) ~ p exp [— p/pol: Po = 150 g/em?. 
Curves B,, B,, B, correspond to the 
same models of development of showers, 
but with the point of origin on the 
depth 200 g/cm? in the atmosphere. 


the cross-section of the interaction of 
the primary particle with the atomic 
nuclei of the air. It is possible that the: 
subsequent development of the shower 
can also have fluctuations. 

To get an idea of how variations in 
the form of the cascade curve, which 
describes the number of particles as a 
function of depth in the atmosphere, 
influence the intensity and lateral dis- 
tribution of Cerenkov radiation, we cal- 
culated the function g(f) using several 
types of cascade curves. During the 
calculations it was found that the la- 
teral distribution of light is to a large 
extent determined by the angular and 
lateral distributions of the electrons, 
and that, consequently, scattering can- 
not be neglected. 

The effect of scattering is determi- 
ned by the form of the energy spectrum 
of the electrons. To simplify calculat- 
ions the spectrum was taken as cons- 
tant (namely, equilibrium) throughout. 
the depth of the atmosphere. This ap- 
proximation corresponds to that made: 
in paper[3]. Fig. 5 gives the results of 


calculations that refer to the level of observation at an altitude of 3850 m. 
Curves A,, A, and A, correspond to the origin of the shower at the top: 

of the atmosphere, while B,, B, and B, correspond to a depth of 200 g/em?. 
The following cascade curves were taken. 


1) The cascade curve for a purely electromagnetic development of a 
shower with initial energy of the electrons E, = 10" eV. 


2) The same, but with H,= 101 eV. 


3) N~ P exp[— P/P,], where P is pressure, P, = 150 g/em?. 


As is seen from Fig. 5, the displacement of the point of origin of the shower 
by 200 g/cm? leads (in the distance range 50 to 200 m) to a change of g of se- 
veral times, and for curves A,-B, even of 10 times. 
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Thus, the observed fluctuations of m (by 1.5 to 2 times) can be explained 
if fluctuations of the depth of origin are less than 200 g/em?. 

It may be expected that it will be possible later to obtain in this manner 
valuable estimates for the cross-section of interaction of primary particles 
producing extensive air showers. 

Another possible developemnt of such experiments consists in the veri- 
fication of the assumption (1), which is naturally valid only if the form of the 
cascade curve does not depend on the initial energy. Such a verification re- 
quires an extremely large quantity of statistical material, since in this case 
it is necessary to average over the relatively narrow intervals N and R. 

The results obtained up to the present time are insufficient for such an 


analysis. 
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Combined Method of Investigation of the Extensive Air Showers. 


N. DoBROTIN, O. DovZENKO, V. ZACEPIN, E. Murzina, S. I. NIKOL'SKIJ, 
I. RAKOBOLSKAJA and E. TUKIS 


P. N. Lebedev Physical Institute of the USSR, Academy of Sciences - Moscow 


In order to reconstruct the picture of an elementary act of nuclear inter- 
action at extremely high energies basing on the data on extensive air showers, 
it is necessary to make a detailed and comprehensive study of all the char- 
acteristics of the showers. Therefore, in order to solve the problem, the inves- 
tigation should be carried out with the use of a combined arrangement that 
will enable us to determine (for any given individual shower), as far as pos- 
sible, not only the position of its axis and the total number of particles (i.e., 

not only to evaluate the energy of the 
primary particle), but also to obtain all 

IERI le| = Ee] the characteristics of the different com- 
ponents of the shower. 


ae ich SÌ i ut Below are given tentative data con- 


cerning partial results of measurements 


(aces b carried out with such an arrangement 
during the autumn of 1955 at an alti- 
[e] Hi, tude of 3860 m above sea level (the 


Pamir Mountains, Central Asia) by the 
workers of the laboratory of cosmic 
rays of the P. N. Lebedev Physics 


lm Institute of the Academy of Sciences 
CECI sa 
| of the USSR. 
het The scheme of the arrangement is 
CRAL 


shown in Fig. 1. The rectangles desig- 
nated by C are 33 groups of hodoscope counters, each of which consisted of 
24 counters, the area of each counter was 100 cm?. In addition, there were 
three additional hodoscope sets arranged symmetrically at a distance of 18 m 
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from the centre of the arrangement (they are not indicated in Fig. 1). In 
each of them were 36 counters with an area of 330 em? and 24 counters with 
an area of 22 em?. All hodoscope groups were placed in houses with thin roofs 
(~ 2 g/em? of light substance). 

In order to study the penetrating component of the shower, penetrating- 
particle detectors were installed directly under the central part of the instal- 
lation in a specially dug shaft at a depth of 8 and 16m of water equivalent, 
respectively. Hach of them consisted of three trays, (one above the other) 
of counters with an area of 330 em? each, separated by two layers of lead 6 cm 
thick each. At the depth of 8 m water equivalent, there were 36 counters in 
each of the three trays, and 48 counters at the depth of 16 m water equivalent. 
All these counters were also connected to corresponding hodoscope cells. 

Thus, there was a total of 1224 hodoscope counters. The hodoscope 
system employed was that of L. N. KORABLEV, type GK-7. Systematic control 
showed that the whole arrangement operated satisfactorily. 

There were 30 pulse ionization chambers of cylindrical form in the arran- 
gement for studying the fluxes of energy carried by nuclear-active particles 
and by the electron-photon component of the shower as well as for studying 
the structure of the core of the shower. Eighteen of the chambers had an inside 
diameter of 22.5 em and were 96 cm in length, twelve others had a diameter 
of 13.5 em and 42 cm in length. The chambers were filled with chemically 
pure argon to a pressure of 5 atmospheres. 

For measuring the amplitude of the electronic component of the ionization 
pulses, each chamber was connected to a special electronic device (developed 
by L. N. KORABLEV) of the type of an amplitude analyser with scaling circuit 
of neon lamps (*). 

Calibration of the chambers was performed with the aid of bursts produced by 
u-mesons passing along the chamber axis (in these calibration experiments 
the chamber was placed vertically) and the bursts from showers, the particle 
density of which at the given point was measured by a hodoscope. Both 
calibrating procedures gave practically coincident results, as long as account 
was taken of transition effects in the chamber walls and of the medium angle 
of inclination of paths of shower particles. 

The electronic arrangement that was used allowed the measurement of 
bursts in one chamber within the ionization interval (from 6-10? to 
1-108 ion pairs), which corresponded to the ionization caused by the passage 
through the chamber of 1 to 1.5-10* relativistic particles along its diameter 


and perpendicular to the axis. 


(*) For control, each chamber was connected to two identical but independent 
arrangements. In the carried series of experiments their readings coincided. 
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The arrangement of 24 ionization chambers near the centre of the instal- 
lation (cross-hatched rectangles «ion. ch. » in Fig. 1) is shown in Fig. 3 and 4. 
Numbers 1 to 12 denote the large chambers, and 13 to 24 the small ones. 
Common absorbers of different thickness that covered all the chambers 
were placed in turn over these chambers, their thicknesses being 1 cm, 
2em, 3 cm, 5 cm, 10 em Pb; 1.1 em, 3.5 em and 7.5 cm Fe, an absorber of Al 
and C with a total thickness that corresponded to 230 g/em?, and also an 
absorber that consisted of 3 cm Pb, placed directly above the chambers, 80 em 
of graphite (with a density of 1.6) and 2 cm Pb that covered the graphite 
from above. The remaining six large ionization chambers were arranged at 
the point shown in Fig. 1 by a cross-hatched rectangle Ion. Ch. (upper left). 
Above this group of chambers there were alternatively arranged the common 
lead absorbers, having thicknesses of 20, 50 and 80 em. A 2 em thick layer 
of lead was placed under the ionization chambers in order to surround them 
by a homogeneous medium. 

At the point indicated in Fig. 1 by a small rectangle C1.Ch., a rectangular 
100 litres cloud chamber containing seven lead plates with a total thickness 
equal to 100 g/cm? was situated. This chamber was used to study the spectrum 
of the electron-photon component at various distances from the axis in the 
central regions of the showers. The energy of electrons and photons was deter- 
mined from the total number of ionizing particles in the cascade shower that 
arose during the passage of electrons and photons through the lead plates in 
the chamber. 

The entire arrangement was mastered by fourfold coincidences of the coun- 
ters, with an area of 500 em? divided into two groups denoted in Fig. 1 by M. 
The distance between the two groups of master counters was 2 m. 

The master group of counters produced 60 master pulses per hour (*); 
4-104 showers were recorded. 

In the case of about 20% of the showers, the axes of the latter passed within 
6m from the centre of the unit (i.e., from the middle of a line connecting the 
two groups of master counters). For such showers, a determination was made 
of the total number of particles in the shower starting from the particle density 
recorded by the hodoscopes and from the forms of the function of lateral 
distribution of particles at large distances from the axis. This function was 
established in our previous experiments [1]. The error in determining the 


(*) Due to the long « dead time » of the cloud chamber (3 min), three parallel groups. 
of threefold coincidences of counters connected in anticoincidence with the master one 
and situated at a distance of 19 m from the centre of the installation were connected 
with the chamber control. Thus, the cloud chamber was triggered by showers, the axes of 
which passed close by the centre of the arrangement and the total number of particles 
passing was restricted not only from below but also from above. 
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position of the showers axis was approximately 10%. Distribution in number 
of particles recorded by the arrangement is shown in fig. 2. About 300 showers 
were used to determine the shape of this curve. A relative number of showers 
is plotted on the ordinate and the total number of particles in them is plotted 
logarithmically on the abscissa. (This 
spectrum does not include several 
showers with a very large number of 


particles, the density of which could W(%) 
not be determined by means of the 29 
hodoscopes that were employed). 15 
Using the scaling factor transfer- A 
ring the total number of particles 
of the shower into the energy of the 3 
primary particle, for our altitude of 0 VT eago eao oe = 
observation equal to 2.5-10?, we find 
that the arrangement permitted the Fig. 2. 


study of showers caused by primary 

particles with energies of (3-1013--2-105) eV. From the spectrum shown 
in Fig. 2 it follows that if the energy spectrum of primary particles is 
represented in the form of E”, then the value of y in the interval 
E, = (2-1014 2-10") eV is consistent with the value of 1.5. 

As is well known [2], the method of correlated hodoscopes enables us to 
determine the position of the axis of an individual shower by proceeding from 
the concept of axial symmetry of the shower. In our arrangement, for the 
showers whose axes passed at a distance less than 5m from the centre of 
the installation, the error in determining the position of the shower axis did 
not exceed 1 m. 

The three trays of hodoscope counters separated by two layers of 6 cm Pb 
each in the detectors of penetrating particles housed underground made it 
possible to select those cases in which the core of the shower passed through 
the detector that was situated at a depth of eight meters water equivalent (*). 

The criterion of such a passage of the core was the triggering of not less 
than 15 counters distributed in all three trays. 

The obtained results are not sensitive to the number of triggered counters. 

Proceeding from the number of cases of passage of shower axes through 
the central part of the installation on the surface of the earth, which was de- 
termined by means of the hodoscope, it was possible to calculate the expected 


(*) Analogous cases were not registered in the detector at a depth of 16 m water 
equivalent due to the great thickness of the absorber. This is also an indication that 
the cores registered in the underground detectors are not due to u-mesons from the 
extensive showers. 
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number of cases of passage of the core through the underground detector. 
It was established that for the showers with a total number of particles < 10° 
one should expect 14 traversals of the core. And these 14 cases were actually 
observed. But for the showers with the number of particles > 10°, six cores 
were expected, whereas the number found was 15. Despite the fact that 
statistics is scarce, such a departure hardly can be explained by statistical 
fluctuations. 

The nuclear-active particle which produces the secondary shower in the 
underground detector, should on the earth’s surface possess an energy appa- 
rently not less than 5-10! eV. For this reason the data obtained show that 
in relatively small showers (< 10°) there is, on average, one such particle, 
whereas in showers > 10% the number of nuclear-active particles with an 
energy above a certain effective threshold increases, and they are distributed 
in a region with a diameter of 1 to 2 m (which does not contradict available 
data on the lateral distribution of charged particles near the axis of extensive 
air showers). 

It is possible that this is due to a change in the nature of the elementary 
act of nuclear interaction while passing over to superhigh energies, the hypo- 
thesis which we discussed earlier [3]. 

The results of the analysis of measurements conducted by means of ioniz- 
ation chambers are also in agreement with data obtained from the structure 
of the core of showers with the aid of an underground detector. Fig. 3 shows 
a typical picture of pulse distribution in ionization chambers when the axis 
of a shower with a total number of particles 2.8-10! passes through the area 
occupied by the ionization chamber. This case was recorded in an experiment 
with the absorber consisting of two layers of lead with graphite between the 
layers. The position of the shower axis found from the hodoscope data is 
designated on the layout diagram of the ionization chambers by a dashed 
circle. As may be seen from the figure, this case is characterized by a sharply 
defined single shower core that passed through ionization chamber N. 3. 

Fig. 4 shows a characteristic case of the passage of the core of a shower 
with a total number of particles 1.5:105 through the area occupied by the 
ionization chambers. The position of the axis which was determined from 
hodoscope data is also denoted by a dashed circle. As may be seen from this 
figure, this case is characterized by complicated structure of the core. 

In analyzing these data statistically, we put in the category of showers 
with complicated core structure the cases where in addition to the main burst 
in one of the ionization chambers, there were observed in two adjacent chambers 
or in one non-adjacent chamber, bursts, whose amplitude was not less than 
one half of the amplitude of the largest burst. 

In experiments with a filter made of two layers of lead and one layer of 
graphite between them, and also in experiments with thick lead absorbers 
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(20 + 10)% of the showers of the first group (i.e., with a total number of 
particles < 1-10°) which have been analysed up to the present and the axes 
of which (according to hodoscope data) passed through the area occupied by 
ionization chambers, have a complex core structure; (60 + 10)% of the 
showers of the second group (> 105) 
have a complicated core structure. 
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Bios 3. Fig. 4. 


Figs. 3-4. — The number of relativistic particles is plotted on the ordinate and the 
ordinal number of the chambers is indicated on the abscissa. 


A similar analysis of data obtained in the experiment with aluminium and 
graphite absorbers led to the following results: 


| 
Groups of showers clas- | | | | 
sified according to the | (1-2): | (2-4)- | (4-6)- | (6-10)-| (1-2). | (2-5)- |(5-10)-| 
total number of particles | -104 IDE 10 AO 105 -10° 210° oi 
in them | | | | | 
Number of cases with | 5 7 6 4 3 1 0 
single core | 
Number of cases with 2 3 2 2 2 5 1 
complicated core | 
Fraction of cases with (29 +10)% (67 +25) % 
complicated core 


A series of experiments conducted with different absorbers over the ion 
chambers made it possible to draw certain conclusions concerning the energy 
pattern of the central regions of showers. 
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To determine the form of energy spectrum of nuclear-active particles near 
the axis of an extensive air shower, a measurement was made of the distri- 
bution of the magnitude of ioniz- 
ation bursts accompanied by air 
showers, the axis of which passed 
not less than eight metres from 
the ion chambers placed under an 
absorber. 

o The spectrum of ionization 
bursts under filters of 20, 50 and 
80 cm of lead for the interval of 
bursts from 600 to 60000 relati- 
vistic particles per chamber, is 
shown in Fig. 5. It may be 
expressed as B/J", where n = 
=0.9-+ 0.2 (*), and the coefficient 
&B diminishes with increasing 
thickness of the substance in the 
proportion ~ exp [—/500], where 
the thickness of lead x is ex- 
Rin pressed in g/c?m. 
‘ To evaluate the maximum 
energy of nuclear-active parti- 
cles in the cores of extensive air showers with the number of particles from 
104 to 10° (N = 3.5-104) let us consider cases of the passage of cores of extensive 
showers through ionization chambers 
placed under lead absorbers of various 
thickness. As a rule, for showers with 
a total number of particles within 
the interval under consideration, the '°90 
burst in one of the ionization cham- 
bers exceeds several times the re- 
maining bursts. The dependence of 
the average magnitude of the burst in 100 
the ionization chambers with the 
greatest burst on the thickness of 


e-50 cm Pb 
s-80cmPb 


È : 0 5 I fem? 
lead over the chambers is shown in Me VIZI 
Fig. 6. The initial part of the curve Fig. 6. 


(*) Similar results were obtained by J. TANAKA, K. Suca and S. MITANI using 
counter hodoscope arrangements covered with lead (a preliminary private commu- 
nication). It should, however, be noted that data obtained by means of ionization 
chambers are more accurate and reliable. 
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with rapid absorption is explained, apparently, by the electron-photon 
component of the shower core that comes from the atmosphere; the subse- 
quent slow absorption is due to diminution of the energy of particles of the 
nuclear-active component of the shower. 

If we make use of the flux of charged particles J, under a thick absorber of 
lead and evaluate the quantity J), the value for the energy of those nuclear-active 
particles which produce the maximum bursts under big thicknesses of lead is 


@ 


. 


Pees = [Bus Jo exp 


x 
500 


der 7-104 eV , 


where f,, is the energy loss due to ionization of the relativistic particle when 
passing through a Pb layer of 1 g/cm? (6,, =1.22-10* eV/gem-2). 

These data concerning the spectrum of nuclear-active particles in extensive 
air showers and the value of energy, above which the shower has not more 
than one particle, enable us even now (despite their tentative character) to 
estimate roughly the total energy carried by the nuclear-active component of the 
shower with an average number of particles 3.5-104 at an altitude of 3860 m 


Emax DS 
[E tic 


po dll C10 eV 


> Bae 
5 

In this calculation, it is assumed that the obtained spectrum of bursts 
that reflects the energy spectrum of nuclear-active particles, continues into 
the region of low energies, down to energies of nuclear-active particles — 10° eV. 
In future, we shall measure in detail this region of bursts; at present, the 
measurements conducted by us earlier with counter detectors of nuclear-active 
particles (and also the above quoted data of TANAKA, SuGA and MITANT) 
together with the fact that the exponent in the energy spectrum of pu-mesons 
in the showers which reflects the spectrum of z-mesons, is also close to unity [4], 
may serve as grounds for such an extrapolation. The value obtained for the 
total energy of nuclear-active particles in a shower only slightly depends on 
the value of the lower limit of integration and for this reason its precise 
determination for the above estimates is not essential. 

From the same data for showers with N = 3.5-10 particles, it is pos- 
sible to estimate also the total number of nuclear-active particles of energy 
higher than the given energy: 

Emax 


Ci 
N (7 dE . 


Umin 
Assuming E,;,, 10° eV, we obtain N,, ~ 300 particles. But in this case, 
the calculation result depends essentially on the selected value of E. and 
for this reason it is only of a qualitative nature. 


n.d, 
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These estimates show that in the showers under consideration, at mountain 
heights, the flux of nuclear-active particles carries from 4 to 3 the energy of 
the shower (minus the energy carried by y-mesons and neutrinos). This energy 
is distributed among a relatively large number (of the order of hundreds) 
nuclear-active particles. The particle that takes the maximum energy carries 
= 10% of the energy of the entire nuclear-active component. 

The following example (Fig. 3) may be used to illustrate this conclusion. 

In the experiment with the combined absorber of 2 cm of Pb, 80 cm of C 
(about two nuclear free paths) and 3 ecm Pb, a sharp peak of the ionization 
pulse in one of the chambers must be attributed, as a rule, to the formation 
of the electron-photon component, which is formed in graphite as a result of 
a nuclear interaction, then multiplies in the lower layer of the lead. Since 3 cm of 
lead correspond to approximately the maximum of the electron-photon cascade, 
it is possible, therefore, to determine directly and from the number of relati- 
vistic particles in the chamber, the energy transferred to the 7°mesons in 
the layer of graphite (*). Assuming that — 20% of the energy carried by 
the nuclear-active particles (which appears to us to be the most probable 
figure) is transferred in the graphite to the electron-photon component, we 
find that for the case shown in Fig. 3 the energy of the nuclear-active particles, 
which determines the core of the given shower amounts to — 10! eV or 
~ 10% of the total energy of the shower (with the exception of the u-mesons 
and the neutrinos) at the given height. 

For showers with a total number of particles > 10° the picture obtained 
is less clear-cut . This is apparently due to the fact that for such showers the 
difference in the energy of a particle moving along the shower axis and of 
particles close to it is less pronounced, which is the reason that leads to the 
more complicated structure of the core pointed out above. 

The investigation of the absorption of shower particles in the solid ab- 
sorber gives us the method of comparing the characteristics of showers with 
different total number of particles. 

The following very preliminary data were obtained by placing aluminium 
and graphite absorbers over the ionization chambers: 


The ratio of the number of | For showers with | For showers with 
shower particles under the the total number | the total number 
absorber to the number of of particles in the | of particles in the 
particles in the air, deter- interval 104-105 interval from 
mined from the hodoscope data | 1-10° to 8-105 
A 0.4 + 0.03 0.3 + 0.03 


(*) From the cascade curves it follows that 1000 particles at the peak of the 
cascade in lead correspond to an energy ~ 1-10! eV. 
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Despite their insufficient statistical accuracy, these figures apparently show 
that showers with a total number of particles 1- 10° ~8- 10° are absorbed in the ab- 
sorber alittle more strongly than showers with a smaller number of particles (*). 

The data obtained may also be correlated with absorption of showers in 
air. From the absorption of showers, characterized by the coefficient 200 g/cm?, 
we find that for 230 g/em? of air the ratio given in the table should be equal 
to 0.31, i.e. close to what is obtained for showers with a total number of par- 
ticles 1-10°-8-105. This also indicates 
Stronger absorption of larger showers, A log NDE 
since in the air a part of the energy 
of nuclear-active particles is used in 
the formation of u-mesons; the latter 
carry a considerable energy to great 
depths below sea level. In a dense ab- 
sorber the energy of 7*-mesons is impar- 
ted to the electron-photon component 
recorded by the ionization chambers. 

The spectrum of the electron-photon 
component in the central regions of 
the showers was investigated with cloud 
chambers. As has already been pointed 
out, the energy of the electrons and 
photons was determined basingon the 


i 8 82 86 9 94 98 10 log£ 
total number of particles in showers that S=1.5 


Ss] 
developed in lead plates in a chamber. | 
Fig. 7. — The energy spectrum of the 


By compe amici sspecma of: the elcetn ons component for three distances from the 
photon component for the energy inter- the axis: (0~2)m, (2--4)m and (6--9)m. 
val 2-108-10! eV are shown in Fig. 7. 

The experimental points refer to different distances from the shower axis. The 
curves are calculated from cascade theory for s=1 and s= 1.5. 

As may be seen from these data, the spectrum at small distances from 
the axis, is very soft which, apparently, is an indication that in the generation 
of the electron-photon component an essential role is played by 7°-mesons 
with relatively small energies — (10°--10!°) eV. Independently similar experi- 
mental data were obtained earlier in [5]. 

An analysis of the remaining part of the experimental data obtained by 
our group will undoubtedly enable us to make the results and conclusions more 


reliable and definite. 


(*) The total thickness of the absorber is 230 g/em?; the ratio between the quan- 
tities of Al and C in the absorber was such (44% of Al) that it was roughly equivalent 
to air with respect to both the nuclear and radiation loss absorption. 


ie è LIRA NR 


; a a Wo ta Lio ee 
N. DOBROTIN, 0. DOVZENKO, V. ZACEPIN, E. MURZINA, S. NIKOL SK 


REFERENCES 


{1] S. P. DoBROVOLSK1J, 8. I. Nrkox’sxiy, E. I. Tux1s and V. I. JAKOVLEV: Zu. 
Eksper. Teor. Fiz., 31, 939 (1956). 

[2] I. N. Vavinov, S. I. Nuxox’sxis and E. I. TuxiS: Dokl. Akad. Nauk SSSR, 
93, 233 (1953). i 

[3] S. I. Nikor'skty, I. N. VaviLov and V. V. Barov: Dokl. Akad. Nauk SSSR, 111, 

~ 71 (1956). 

[4] O. I. DovZenxo, B. A. NeLEPO and 8. I. NIKOL'SKIJ: Zu. Eksper. Teor. Fiz., 
32, 463 (1957). 

[5] W.E. Hazen, R. W. WicLiams and C. A. RANDALL: Phys. Rev., 93, 578 (1954). 


PART IV. 


SECTION D: M.I.T. Air Shower Program. 


The M.I.T. Air Shower Program. 


(A PT T 7 = 
G. CLARK, J. EARL, W. KRAUSHAAR, J. LINSLEY, B. Rossi and F. SCHERB 


Massachusetts Institute of Technology - Cambridge, Mass. 


1. General description and preliminary results concerning the size spectrum 
and the zenith angle distribution (presented by B. Rossi). 


The M.I.T. air shower program includes three experiments. 


1) A preliminary experiment, now completed, which was performed on 
the M.I.T. campus (latitude 42° N, sea level) by means of four detectors ar- 
ranged at the vertices of a square 36 m on the side. 


2) The « Agassiz experiment » which covers a circular area 460 m in dia- 
meter and has been in operation, intermittently since July 1955 and con- 
tinuously since June 1956, on the grounds of the Agassiz Astronomical Station 
of Harvard University at Harvard, Massachusetts (latitude 42° N, 183 m above 
sea level). 


3) The « Kodaikanal experiment » using four detectors at the vertices of 
a square 35 m on the side, which has been in operation since August 1956 
at Kodaikanal, India (latitude 8° N, 2800 m above sea level). This experi- 
ment is being performed in collaboration with V. SARABHAI and E. CHITNIS 
of the Physical Research Laboratory in Ahmedabad. 


I would like to describe briefly the Agassiz experiment and report on some 
of its results. 


The detectors are disks of plastic scintillating material, 105 em in diameter 
and 10 cm thîck arranged as shown in Fig. 1. For most of the time we have 
used eleven detectors (C, M and D in Fig. 1) but during a short period we 
had four additional detectors placed near the center of the array (£ in Fig. 1) 
in order to extend our measurements to showers of smaller size than those 
which could be recorded in the main experiment. The detectors are con- 
nected with cables to separate oscilloscopes which are placed in the control 
station and mounted on a rack so that they can be photographed by a single 
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camera. The sweeps of the ocsilloscopes are triggered simultaneously whenever 
ten or more shower particles traverse each of at least three among a pre- 
selected group of detectors within a time interval of about 3 us. 

On the film we measure: 


a) the pulse height of each detec- 

tor (from which we obtain the number 
of shower particles that have traversed 
the detector with an accuracy of about 
10% in the range from 1 to 4000 
particles) ; 
Control 
b) the time intervals between 
the pulses from the various detectors 
(with an accuracy of about 0.1 us). 


The data pertaining to each indivi- 
dual shower are then analyzed to deter- 
mine: 1) the direction of the shower 
axis, 2) the co-ordinates X and Y of the 
shower center, and 3) the total number 
To Contror Of Shower particles N. 

For the determination of the direc- 


Fig. 1. — Detector array and schemat- tion of the shower axis we make use of 
ic diagram of one of the scintillation the fact that the 
i ‘ , 

counters. 


E227ZZ772Z\ (KZZZZZ7Z2 


Gace 


«shower front» is 

quite well defined and practically flat, 

i.e,, that at any one instant of time 
most shower particles lie within a disk only a few feet thick perpendicular to 
the shower axis [1]. The actual method of computation is based on a least- 
square analysis of the observed differences between the times of arrival of 
the shower front at the various detectors. The uncertainty in the measu- 
rement of angles by this method turns out to be of the order of 5°. For the 
determination of N, X, Y, we assume that the density of particles at the 
distance r from the axis of the shower is given by: 


(1) i 
Tt moli 

where »»,= 74 meters, and we compute the values of N, X and Y which mini- 
mize the mean square deviation of the observed from the computed densities. 
The general form of Eq. (1) was suggested by previous computations and 
experimental data. As will be explained later, our results show that the lateral 
density distributions of most showers are adequately represented by Eq. (1) 
for values of r less than 250 m. 
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All of the computations mentioned above are carried out by means of a 
fast electronic computer. Tests with « artificial » showers indicate that the 
uncertainty in the determination of N about 20%, and the uncertainty in 
the determination of the core location is about 10% of the distance from 
the center of the array. 

I would like now to present our results concerning the size spectrum and 
the zenith angle distribution. 

Let xv be the atmospheric depth of the station (in g cm-?), 0 the zenith 
angle of the shower axis and «= 2,/cos 0 the thickness of the atmosphere in 
the direction of this axis. From our data we wish to determine the « diffe- 
rential size spectrum » at x, i.e., the function s(N, x) such that s(N, x)AAN do 
represents thè number per unit time of showers with sizes between N and 
N+4dN at the thickness 7, whose axes lie within the solid angle dw and 
intersect perpendicularly the area A. To consider s a function of 7 = a/cos 0, 
but not explicitly a function of 0, implies the assumption that the development 
of a shower depends on the total mass of air traversed, but not on the distri- 
bution of the air density along its path. This assumption is well justified, 
although it is not rigorously correct because of the occurrence of unstable 
particles in the shower. 

The first step of the analysis is a precise definition of an acceptance area, 
A(N), for showers of given size N. This area is defined so that showers of 
N particles, striking within its boundaries are practically certain to trigger 
the recording system, irrespective of their directions of arrival. 

Considering that the solid angle corresponding to a small interval Aw of 
atmospheric thickness is 277(2,/0°) Ax, we find that the expected number of 
accepted showers for which N lies in the interval AN and « in the interval 
Ax is 2o(x?/a?)A(N)Ts(N, x) AN Ax, where T is the duration of the experi- 
ment. We cannot use this result directly for the determination of s(N, «) 
because, if we divide our data into groups corresponding to small inter- 
vals of both N and z, the number of events in each group is too small. We 
thus begin by investigating the x-dependence of showers belonging to com- 
paratively wide size intervals. We note that the expected number of showers 
for which N lies between N, and N,, and « lies between « and @ + Ax is: 


D(N,, Nz, 0) Av = 2r(08/0*)T Aa fans, GC) AN . 
Ni 
In principle we can determine the quantity : 


Ne 
A(N)s(N, x) dy , 


Ni 


626 G. CLARK, J. EARL, W. KRAUSHAAR, J. LINSLEY, B. ROSSI and F. SCHERB 


by putting O(N,, V,, #) Ax equal to the observed number of showers in Ax for 
which N,< N< N,. However, very large numbers of events are needed in 
order to obtain results with statistical errors small enough to reveal unambi- 
guously the functional dependence of s on #. At the present time we have not 
recorded enough accepted showers to justify such a treatment. However, the 
zenith angle distributions of the very large numbers of showers recorded in the 
preliminary experiment at M.I.T. and in the Kodeikanal experiment, along 
with the zenith angle distribution of all showers recorded in the Agassiz expe- 
riment, indicate clearly that the dependence of s on x is approximately ex- 
ponential. We are well justified, then, in assuming that s can be written as: 


(2) 8(N, 4) = s(N, a) exp [— (w— %)/A]. 


In order to determine whether or not A varies with the size of the showers. 
we divided the accepted showers from the Agassiz experiment into two size 
groups corresponding to N,—4-10°*, N,=3-10*, and N,=3-10°, N,= 3-10? 
respectively. Assuming the exponential form of the dependence of s on @, 
we determined values of A according to the method of maximum likelihood 
and found A= (90 +16) gem and A= (98 +18) gem" respectively. No 
Significant difference is apparent between these values, and we have adopted 
the value A= 95 gcm- for use in the succeeding steps of the analysis. Note, 
however, that owing to a lack of sufficient data, no precise conclusion can be 
drawn regarding the dependence of s on x above N = 3-107. 

We can now make use of the known dependence of s on x below N—3 107 
to determine the dependence of s on N with reasonable statistical accuracy. 
In fact, t e expected number of showers coming from all directions between 
the vertical and a given zenith angle 6, and whose sizes lie within a narrow 
interval AN is given by: 


LI 


(3) R(N,0,)AN = 2n8(N, )A(N)TAN Jexp [— (@ — a,)/A](a3/x,) de, 


Co 


where x, = 4,/c030,. This equation enables us to compute s(N,%,) starting 
from the experimental determination of R(N, 0). The actual procedure is as 
follows. For each shower in the interval AN we compute a weight which is 
the reciprocal of the quantity: 


Li 


2rTA(N) fesp [— (@ — a%)/ A] (@2/x?) da . 


To 


We then add together the weights of all accepted events within the interval 
AN and call this sum the value of 8(N, a)AN corresponding to the size N 


b) 


eae Pines # 
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where N is chosen so that s(N, xy) is equal to t e average value of s over the 
interval AN. 

In our analysis we took 0,= 30° (i.e., we included all showers up to a 
maximum zenith angle of 30°) and obtained the results shown in Fig. 2 where 
the abscissa is the logarithm of N and the ordinate is the logarithm of s. We 
see that within the statistical flue- 


tuations, the spectrum obeys a Ww ee: eT] 
power law: ois Differential Spectrum of Observed Sizes | 
of Showers at Sea Level 
(4) 3(N, x) = K(10/N)*, 101 4 
SG SON, x)= 900)" Xo 
È Di | 
s = ~ \ È = 4078 si e È ie 
with y=1.84+.15 and K= so =(69423)10 cm s' st | 
092) LOS? cme? 87 sr-4. 10° y =1.84315 | 
I 2 A =95 gcm~? + 
As we mentioned earlier, the r si + 
-20 
range of sizes for which we have È D ne i 
statistically significant experimen- 10 A a 
tal information about the zenith al ~~ 
ct 10° = 
angle variation for showers, and Ne 
therefore about the functional 10 : g 
Observed Size 
dependence of s on a, extends | x 7 
> + A 105° $ Equivalent Vertical Sizes =| 
only to N=3-10’. Notice that 4 
the dependence of s on x is deter- 10” i 
min he rate g- a N 
1 Cs both by a e rate us atmos 1625 : L een 
spheric attenuation of individual 10 0 
showers (i.e., the rate of change Fig. 2. — Differential size spectrum of showers 
of N with x) and by the shape at sea level. 


of the primary spectrum. It is 

reasonable to assume that the rate of attenuation of showers does not change 
suddenly above N=3-107. However, we cannot rule out the possibility that 
the primary spectrum deviates considerably from a power law at energies 
above that required to produce showers of 3-107 particles at sea level. Indeed 
one of the main purposes of the experiment is to investigate the possible 
existence of a cut-off in the primary spectrum, such as is suggested by astro- 
physical considerations. If such a deviation occurs, then s ceases to be an 
exponential function of #, and a method of analysis based on the assumption 
of an exponential dependence of s on 4 ((Eq. 2)) with a constant value of A 
would blur the details of the actual spectrum. In order to avoid this source 
of error we have extended the size spectrum beyond N= 3-10" by a method 
which is based only on the assumption that the rate of atmospheric attenuation 
of showers with N above 3-107 is approximately the same as for smaller showers. 

For this analysis we first define a quantity N, by the following equation: 


(5) s(N, x) dN = s(N,, %) aN, . 
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We may call N, the « vertical equivalent size » of a shower of size N coming 
at a zenith angle 0 such that così = «fe. In fact (at least in the absence 
of fluctuations in the longitudinal development of showers) N, represents the 
number of particles which would have been present in the given shower had 
it come from the vertical direction. 

From Hqs. (2) and (5) we find: 


(6) N, = Nexp[(@— %)/A] , 
(7) = se 


In the absence of fluctuations in the development of showers the quantity 4 
may be interpreted as the reciprocal logarithmic slope of the curve representing 
the number of particles in a given shower as a function of depth, and is there- 
fore independent of the primary spectrum. We may be confident that this conc- 
lusion is still valid to a high degree of approximation even in the presence of 
fluctuations. We have seen, that for N < 3-10’, A= 95 g cm and y = 1.84; 
therefore we have 2 =175gem-?. As pointed out above, we may assume that 4 
has the same value for N > 3-10’. 

The expected number of showers with vertical equivalent sizes between 
N, and N,+AN,, coming from zenith angles less than 0,, is: 


Pa 


P(N,,0,)AN, =F s(N, 2) AN 2218/23) A(N) dr, 


al 


Lo 


where cos0,= x,/%,, and N and N, are related by Eq. (5). 
The above equation, together with Eqs. (5) and (6), yields: 


wy 
. 


(8) PV, 0) AN, = Ps(No, 0) AN, | 2ecaf]a)A(N, exp [— (2 — 9)/A]) de 


n 


"i 


Equation (8) offers a method for the determination of the size spectrum 
s(N, #) which, as pointed out, can be safely used beyond the previous limit 
of 3-107. The procedure consists of converting each observed shower to ver- 
tical equivalent size by means of Eq. (6). For any given value of N,, we 
then compute the integral: 


di 


| 2alad/a*)A(N, exp [— (0 — ay)/A]) de, 


Ly 


(which represents an effective value for the product of the area and the solid 
angle of detection) and, as before, we assign to each observed shower a weight 
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equal to one over this integral multiplied by the time of observation 7. The 
quantity s(N,, a) AN, is taken as equal to the sum of the weights of all 
observed showers for which 0 < 0, and whose vertical equivalent sizes lie bet- 
ween N, and N,+AN,. 

The results obtained by this method are identical with those based on the 
observed sizes up to N= 6-10” and they extend the spectrum to N > 108. 
The additional points are indicated in Fig. 2 by open circles. We see that 
the power law, which by the previous method had been found to hold for 
3:10°<N<3:10”, remains valid up to about N= 3-10, within the limits of 
our experimental accuracy. 

The rigorous acceptance criteria which must be imposed on data used in 
constructing a statistically reliable size spectrum do not permit us to include 
several extraordinarily large showers which fell near or within the detector 
array. Perhaps the single most important qualitative result of the experiment 
has been the establishment by individual cases of the definite existence of 
showers with over 10° particles. The largest shower recorded so far had 
1.4-10° particles and arrived at a zenith i 


angle of 11°. 10° 
The next problem is to compute, from = 
the observed size spectrum of showers, de 
le 


the energy spectrum of the primary 
radiation. = ae 

The solution of this problem re- 
quires a quantitative knowledge of the 
cascade processes initiated by primary 
particles of different energies. 

S. OLBERT of M.I.T. has developed 
a new method for the solution of the 
shower equations and has applied this 
method to the computation of the 
function N(H,, x) representing the ave- 
rage number of electrons at the depth « 
in the shower initiated by a proton of 
energy E,. He has carried out the com- ig. 3. — The average number of elec- 


putation using both the Fermi and the trons N(E,, x) as a funct-on of atmos- 
pheric depth for three primary energies, 


Landau models of high-energy nuclear according to the calculations of Olbert. 
interactions, assuming in both cases 

complete inelasticity and a collision 

mean free path in the atmosphere of 100cm™~. The results are shown in 
Fig. 3 for three different energies, equal respectively to 10°, 107 and 10° times 
the rest energy of protons. From these results we find that the relationhsip bet- 
ween the primary energy and the number of particles at sea level may be 


200 400 600 800 1000 g-cnî? 
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approximated by the equations: 


| Fermi model: N = 1.80-10°(E,/1015)1-19, 


(9) nen 
| Landau model: WN = 1.10-10°(4,/1015)1-10 . 


If we neglect fluctuations in the longitudinal development of showers, i.e., if 
we assume a one-to-one relationship between the observed shower size N and 
the energy FE, of the initiating proton, we can translate the size spectrum into an 
energy spectrum. Using, for example, Landau’s model, we find th > following 
expression for the integral energy spectrum, J(E,): 


J (Ey) = 2.2-10-1°(102"/Hy)?18 cm? s-1 sr! . 


With the same model, we obtain a value of 0.7-10!° eV for the energy of the 
primary particle responsible for the largest shower observed so far (N =1.4-10°). 
The radius of curvature of this particle in the average magnetic field of the 
galaxy (assumed to be 5-10- G) is about 5000 light years. 

The above results are based on the assumption that the primary particles 
are protons. At the present time, we cannot rule out the possibility that these 
particles are complex nuclei. In this case the energy corresponding to a 
given value of N at sea level is somewhat greater, but the corresponding mag- 
netic rigidity of the particle is smaller than that computed for the case of 
protons. However, even if we grant the possibility that the primary particles 
responsible for the largest observed showers are complex nuclei, it appears 
unlikely that these particles may be effectively contained in the galactic disk. 
The existence of such particles is thus of great importance in connection with 
any speculation on the origin of cosmic rays. In particular, if we assume that 
cosmic-ray particles are accelerated through a mechanism of the type suggested 
by Fermi, we must conclude that the confining volume does not coincide with 
the galactic disk, but extends at least to the galactic halo. 

Before closing, I would like to add a few words concerning the fluctuations, 
which we have neglected so far. These arise mainly from the random depth 
of the first interaction because, at the very high energies with which we are 
concerned, the mean number of secondary particles produced in this inter- 
action is quite large. 

W. KRAUSHAAR has made a quantitative estimate of the fluctuations, which 
will be described in Appendix II. From his analysis it follows that, if the 
primary spectrum obeys a power law, neglect of the fluctuations merely intro- 
duces an error in the absolute value of the intensity, and the corresponding 
correction factor amounts to 1.4. 
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It should be noticed, however, that the presence of fluctuations would 
smear out any sudden deviation from a simple power law that may oceur in 
the primary spectrum. 


2. — The lateral distribution of electrons and pu-mesons (presented by 
W. KRAUSHAAR). 


2'1. Analysis for core location and shower size. — As has been explained in 
Sect. 1, showers which have been recorded by the M.I.T. experiment are 
subjected to a rather complete analysis on a fast electronic digital computer. 
Some of the details of the analysis will be explained later in Appendix I. 
For the present, it is sufficient to note that in the first part of the analysis 
the shower direction is determined, and subsequent computations are carried 
out in a plane perpendicular to the shower axis. We have available, then, 
eleven measurements of shower density in the plane of the shower, and the 
purpose of further analysis is to determine the location of the shower core 
and total number of particles in the shower. 

This further analysis proceeds as follows. We assume a lateral distribution 
function given by: 

N exp[_ r/r] 
EAT 


(10) Ma = 


5) 


where f(r) is the number of particles per square meter at a distance r from 
the core of a shower having a total of N particles, and 7) is a characteristic 
distance, taken to be 74m. This distribution, as will be explained later, fits 
our data very well for r < 250 m, and as well approximates the Nishimura- 
Kamata distribution for S= 1.4 in this region. (The function is particularly 
useful because of its sin ple analytic form.) For each successive trial position 
X, Y of the shower core and trial shower size, N, we calculate the square of 
the difference between the measured and predicted densities at each detector, 
expressed in units of the standard deviation for the appropriate density measu- 
rement. This quantity, for the i-th detector, we call y?, and the computer 


minimizes the quantity w®, given by: 


i=m Wi 
2) ee È 
(11) deli; 


where m is the total number of detectors in operation, for the variables X, Y 
and N. That is, a least squares fit to the data is made. We have estimated 
the uncertainties in detector calibrations and associated instrumental uncer- 
tainties to be about 14%. The standard deviations are therefore taken as 
14% for densities greater than 50 particles per square meter, and the square 
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root of the «predicted» density (the detectors are about one square meter in 
area) for densities less than 50 particles per square meter. Printed out, with 
each analysis of a shower are N, y, the y,’s for each detector, the measured 
and «predicted » density for each detector, the distance each detector was 
from the shower core, the direction of arrival of the shower, and various other 
quantities of technical importance to the details of the computer program. 


29. Lateral distribution function of large showers. — Of particular interest 
are the experimentally determined lateral distributions for two of the largest 
showers we have detected. Fig. 4 summarizes the results of a detailed ana- 
lysis of the largest shower, No. 58042. The computer-selected core location 
for this shower was at « D », and the shower size was calculated to be 1.4-10° 
particles. In order to give visible evidence that the shower really did land at 
or very near D, we have plotted apparent lateral distribution functions for 
various other assumed core locations, and have computed for each of these 
locations the quantity y?. It is evident from these plots and from the indi- 
cated values of p? that it would be highly artificial to assume that the shower 
core struck anywhere but near D. The smooth curve drawn in the D plot 
is the Nishimura-Kamata distribtuion for S = 1.4. Our empirical function, 
expression (10), fits the data well out to about 250 m, but is in definite dis- 
agreement with the data on the large shower at larger distances. 

It is difficult to see how the shower could have been much smaller than 
1.4:10° particles. Even if we assume that the density of particles did not 
increase at all inside of the position of our detector nearest the core (the 
nearest detector was 122 m from the core, and 4620 particles passed through 
it, dissipating about 50 GeV) the shower size would be 5-10* particles. 

Another shower that is particularly interesting because of its large size 
and large zenith angle is No. 63906, shown in Fig. 5. Here it is more difficult 
to assign a core location with certainty, although it seems clear that it must 
have fallen near D. Once again, the data fit satisfactorily well the Nishimura- 
Kamata distribution for S=1.4. For this particular shower, the thickness 
of atmosphere in the direction of the shower axis was 1500gem™*. It is 
possible, of course, that the primary particle penetrated deeply into the 
atmosphere before interacting, and that the subsequent shower developed 
giving rise to a quite normal shower at sea level, reflecting not at all the large 
apparent atmospheric penetration. 


2°3. Lateral distribution function of smaller showers. — Generally, showers 
having 108 or more particles, when they strike our array, result in densities 
in excess of 10 particles m-? in most if not all of the eleven detectors. Such 
large showers usually fall between the M and D rings of detectors, and so 
we have, as a rule, eleven measurements of particle density in a wide range 
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of distances from the shower core, and each measurement has reasonable sta- 
tistical accuracy. We therefore have, in effect, a measurement of the lateral 
distribution function out to distances of the order of 300 m or more for each 
of these large showers. 

Smaller showers, on the other hand, having, say, 107 or fewer particles, 
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Fig. 4. — Detailed analysis of shower No. 58042, showing the apparent lateral distri- 
bution for various assumed positions of the shower core. The best core position is near D. 
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generally result in densities less than 10 particles m™* in several of the eleven 
detectors. For these showers, statistically accurate density measurements are 
available only within about 100 m of the shower core, and so the detailed 
structure of such showers at large distances from the core can only be studied 
by examining the average behavior of several showers. We have therefore 
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Fig. 5. — Detailed analysis of shower No. 63906. The best core position is not as well 
defined as in the case of No. 58042. 
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selected three groups of showers with N near 5.3-105, 4.2-109, and 5.4-107 
particles, respectively, coming from approximately vertical directions, and one 
group of showers with N near 3.5-106 particles, coming from large zenith angles 
Each measured density was divided by N/rì, where r,= 79 m (*), the cha- 
racteristic shower length, and N is the measured shower size. The resulting 
distributions are shown in Fig. 6. The curve in each case is the Nishimura- 
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Fig. 6. — Composite lateral distributions for four groups of showers. 


(*) There is no necessary connection between the r, that enters our empirical 
relationship, expression (10), and the characteristic length r, that enters the Nishimura- 
Kamata distribution, 
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Kamata function for S= 1.4, and it is evident that all four of these distri- 
butions are consistent with the curves. There is, of course, no a priori reason 
that a single function should fit showers over such a wide range of size and 
atmospheric depth. The Nishimura-Kamata distribution, it will be recalled, 
refers to single electron or photon-initiated cascades, while the showers we 
are concerned with are certainly initiated by many photons produced in the 
nuclear cascade . It seems likely that the gross features of shower development 
are determined by the 
nuclear cascade and that 
the electronic compo- 
nent is more or less in 


100 


equilibrium with the nu- 


cleonie component. 
Fig. 7 shows a com- 
posite plot of observed 
versus calculated den- 
sities made from the 
results on about thirty 
showers picked at ran- 
dom. The abscissa is 
the observed density of 
particles at a detector, 
and the ordinate is the 
| predicted density at that 
Calculated N2 of Electrons /m* detector after the least 


Observed N? of Electrons /m? 


10° SARRI Sn iii dee in : ; 
10° 10 10 100 Squares analysis for the 
: vi core position and shower 
Fig. 7. — Observed versus calculated densities. The P ‘ 


size has been completed. 
The dashed lines indi- 
cate the magnitude of 
the standard statistical fluctuations corresponding to a Poisson distribution. 
Each of the detectors participated in the least-squares fit for the shower 
size and core location, so that, if the only source of density fluctuations were 
that inherent to the Poisson distribution, the scatter of the points in DARI 
should be somewhat less than for a Poisson distribution. 


broken lines are appropriate to a Poisson distribution. 


a4. Lateral distribution of u-mesons. — The apparatus is indicated schema- 
tically in Fig. 8. The large RE was located first near the center of the 
air shower array, and later near the edge. Mesons traversing the hodoscope 
in coincidence with the arrival of an air shower can be examined for projected 
angle of arrival, since we have, from the main air shower experiment, the direction 
of the shower axis. This feature helps to insure that the observed particles 
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are really u-mesons and not nucleons or other strongly interacting particles. 

Mr. J. EARL has shown that if the lateral spread of u-mesons is due 
entirely to their multiple scattering, the earth’s magnetic field should pro- 
duce an asymmetric lateral distri- 
bution, there being more particles at 


PSS SS OCIS 

COROOCAEREE COM OOO OOOO 

PORLLRRILRL HLT 
> 


large distances from the shower core 
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lateral spread must be due to angular 


divergence of the u-mesons at pro- Arrangement of y-meson hodoscope 
duction. 0 sil ° EPb [re EE] Wood 


In Fig. 10 there is plotted the 
lateral distribution of p-mesons in 
Showers of 1 to 3-10 particles for 
three different bands of shower arrival 
directions. The three distributions, 
appear to be the same out to 300m 
from the shower core. 

Fig. 11 shows the u-meson lateral 
distribution for four different shower 
sizes. The observations within 600 m were all made with the large hodoscope. 
The data beyond 600m were obtained with the «850m» u-meson detector 
shown in Fig. 8. This detector was put into operation because the data from 
the hodoscope detector do not extend to distances sufficiently far from the 
shower cores to show any real departure 
from a (1/r)-like lateral distribution. A 1/r 
distribution cannot, of course, extend indefi- 
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850m y-meson detector 


Fig. 8.- Detection apparatus for u-mesons. 


nitely far from the shower cores. An inte- 
v eration to obtain the total number of u-mesons 
di n [Error has been attempted, and one gets N, /N—0.1. 
n That is, roughly 10% of the particles in a 
01 do large shower are p-mesons. It is very difficult 
o East-West to say how this total number varies with 
e North-South 
x Intermediate 
A LIAN ai so, TOR Fig. 9. — Lateral distribution of y-mesons falling 


in various directions relative to the shower core. 
If multiple scattering were the only cause of the mesons’ departure from the shower 
core, the E-W and N-S distribution should be different. 


638 G. CLARK, J. EARL, W. KRAUSHAAR, J. LINSLEY, B. ROSSI and F, SCHERB 


shower size, because such a large fraction of the total are at large distances 
from the shower core where the density of p-mesons is very small and therefore 
inaccessible to accurate measurement. 
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near the shower core with the shower size, N. showers of 1 to 3-10° parti- 
The showers were selected to have zenith angles cles have values of K that are 
less than 25°. roughly constant over a wide 

range of shower arrival direc- 

tions. If one selects showers that arrive from near the zenith angle, K varies 
less than proportionally to the measured shower size, a8 shown in Fig. 12. 
That K should vary in this manner with shower size is understandable, since 
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high-energy showers are less efficient in producing u-mesons than are low- 
energy showers. The higher average energy of the produced m-mesons makes 
their decay into u-mesons less likely. 


3. — Arrival directions of air showers (presented by G. CLARK). 


3°1. Introduction. — The results on the arrival directions of air showers 
cover a range of primary energies from 1014eV to 10!%eV and a range of ce- 
lestial declinations from — 30° to +80°. Below primary energies of about 
10!” eV our data are consistent with the hypothesis that the primary flux is 
isotropic. Within the statistical accuracy this result is in agreement with 
results obtained in many other experiments. On the other hand, the distri- 
bution of the arrival directions of showers with N > 3-10’ recorded by the 
large experiment gives evidence of a lack of isotropy in the flux of primaries 
with energies greater than 10! eV. We shall discuss the results obtained so 
far, beginning with the low energies and working up. 


3°2. Kodaikanal experiment. Small timing array. — We are operating a 
simple fast timing apparatus at Kodaikanal, South India (altitude 2800 m, 
latitude 8° N), in co-operation with V. SARABHAI and E. CHITNIS of the Phys- 
ical Research Laboratory of Ahmedabad. The apparatus consists of four 
scintillators 0.13 m? in area located at the corners of a square array 35m on 
a side. Showers are recorded at the rate of 1000 per day. The most likely size 
of the recorded showers has been computed and found to be 1.0-10° particles. 
Showers of this size at 2800m are produced by primary energies of about 
ZoL0 Ne 

So far we have recorded about 50000 showers. The arrival directions of 
15000 showers have been calculated, and the celestial distribution of a sample 
of 7800 showers has been analyzed. The 15000 showers from which the sample 
was drawn were recorded during a period of only about 10 days, and because 
of the various unavoidable interruptions which occur in the data recording, 
the sidereal ON-TIME for the period varies considerably from hour to hour. 
In order to eliminate the possibility of apparent anisotropy arising from errors 
in the evaluation of ON-TIME and from variations of detection efficiency with 
sidereal time we have rejected events at random from various « overexposed » 
sidereal time intervals so as to equalize the numbers of events observed in 
each interval. This procedure amounts to using the intensity from all di- 
rections during a given sidereal time interval as a monitor of detection effi- 
ciency and permits one, in effect, to compare accurately the relative intensities 
of areas within the field of view of the timing apparatus. If the real celestial 
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distribution is random, the only possible effect which this procedure can have 
on the observed celestial distribution is to reduce the fluctuations so that the 
procedure is, in fact, a conservative one which will render any evidence of 
anisotropy more convincing. 

The fluctuations which have been observed in the Kodaikanal data are 
shown in Fig. 13. We tabulated the numbers of events from each 10°x10° 
region of the sky, and computed the average number of events per 10° x 10° 
region for each 10° band of declination. On the basis of these averages we 
computed the deviations and the values of y? for each declination band. The 
results which are indicated in the figure are consistent with the assumption of 
an isotropic flux of primaries. 
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Fig. 13. — Fluctuations andy}? tests on the arrival directions of 7700 showers recorded 
at Kodaikanal. The most probable energy offthe primaries is ~ 2-101 eV. 


Comparisons have also been made between the observed numbers of events 
from special regions and the numbers expected on the basis of the average 
intensities computed for each declination interval. The regions selected and 
the results obtained are shown in Table I, from which it can be seen that the 
observations are consistent with the assumption of isotropy. 


83. Cambridge experiment. Small timing array [2]. — An experiment exactly 
similar to the one at Kodaikanal was performed on the M.I.T. campus as a 
part of the development program for the large experiment. Arrival directions 
of 2600 showers were determined. The most likely size of these showers is 
also 10° particles, but at sea level this corresponds to a primary energy of 
about 10! eV. The same statistical tests were applied to these data as were 


> 


e“ 


THE M.I.T. AIR SHOWER PROGRAM 641 


later used on the Kodaikanal, and none of them gave results inconsistent with 
isotropy. Table I shows the expected and observed numbers of events from 
three celestial regions which are within the range of observation at Cambridge. 
Again the results are consistent with isotropy of the primary radiation. 


la DI DN Y “a AANA x . . . 
TABLE I. — Comparison of observed numbers of events from special regions with the numbers 
erpected for an isotropic primary flux. 


Kodai- \(Cambridge- 


Region E ILE o campus AI) 
expected Mii expected SO 
20° band centered on galactic equator 786 747 996 972 
20° band perpendicular to spiral arm | 1296 1335 945 968 
40° x 40° region around spiral out | 420 389 | 325 297 
40° x 40° region around spiral in | 96 101 — = 
20° x 20° region around 6=0, «=83° | 173 186 = = 


3'4. Agassiz experiment. — The Agassiz experiment gives accurate data on the 
sizes and the arrival directions of showers of over 10° particles. Consequently, 
we can analyze the arrival directions of groups of showers within well defined 
ranges of sizes. 

Fig. 14 is a celestial map in which the arrival directions of all showers 
with N > 2-10* are represented by points. No evidence of anisotropy is ap- 
parent in the distribution of points. 

Fig. 15 is a plot of the arrival directions of especially large showers. There 
is, in these data, some evidence of anisotropy. Nine out of the ten showers 
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Fig. 14. — Arrival directions of 1000 showers with N > 2-10’ recorded in the Agassiz 
experiment. The primary energies were greater than ~ 1015 eV. 
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with equivalent vertical size N, > 10* arrived from the hemisphere bounded 
by 300°<a< 120°. Fifty-six out of eighty-seven showers with N, > 3-10’ 
came from the same hemisphere. The probability of fluctuations as large as 
these in an isotropic distribution is small. The isotropic distribution of the 
showers with N > 2-10* is obvious evidence for the uniformity of the ON-TIME. 
Furthermore, of 8 showers recently added to this plot, 7 arrived from the 
more intense hemisphere bringing the present total to 63 out of 95. Also in 
the case of this latest data the distribution of arrival directions of the smaller 
showers was consistent with isotropy. Of course, we would have been equally 
surprised had a fluctuation as large as this occurred for any other choice of 
hemispheres so that the statistical significance of the observed fluctuation is 


less then if the choice of hemispheres were really made a priori. 
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Fig. 15. — Arrival directions of 87 showers with equivalent vertical sizes greater than 3-107. 


Since the data were obtained during only a fraction of one year (July, 
September, October, November, December, February; 1956-1957), it is not 
possible to distinguish between a solar and a sidereal effect. Table II sum- 
marizes the results of harmonic analyses of the data for all showers with 
N > 3-107 in both solar time and in right ascension. 


TABLE II. — Harmonic analyses of arrival directions of showers with N > 3:10. 
Ponti f Probability of occurrence 
Correlation Amplitude SPERO of observed variation in 
max. intensity i ; 
i an isotropic flux 
Right ascension 38% 0° 12% 
Solar time 32% Oh 22% 
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We therefore draw the tentative conclusions from the M.I.T. experiment that 


1) There is no evidence of anisotropy for showers of size less than 


10° particles. 


2) There is evidence of anisotropy for showers with equivalent vertical 
sizes greater than 3-10’ particles corresponding to primary energies greater 
than 10! eV. The hemisphere of greatest intensity contains the plane of the 
Milky Way. 


TATPIPRINEDI 


Methods of analysis (presented by G. CLARK). 


A) Introduction. — The methods used in the M.I.T. air shower experiments 
give detailed and relatively accurate information about each individual shower. 
The information, however, can be fully utilized only at the expense of somewhat 
complex procedures of data analysis which are made practical through the 
use of high speed automatic electronic computers and card sorting machines. 
In order to clarify the basis of the conclusions we have drawn concerning the 
atmospheric attenuation, the size spectrum, and the arrival directions of air 
showers, we shall describe the reduction of data and the statistical analysis 
in somewhat greater detail than in the previous discussions. 


B) Data Reduction. 


B.1) Determination of arrival directions. Ata given instant 
most of the particles in an air shower lie within a thin flat disk perpendicular 
to the shower axis and moving in the direction of the axis with the velocity 
of light. Therefore the arrival times of the shower particles at each of a group 
of detectors spread laterally on the ground are related to one another in a way 
which depends on the orientation of the shower axis. One can therefore de- 
termine approximately the arrival direction of a shower by finding the orient- 
ation of a moving plane which intersects the various detectors at a set of times 
which best fits the observed arrival times of the shower particles. 

For the analysis we adopt a set of coordinates whose 2-axis is in the di- 
rection of the zenith, whose y-axis points north, and in which the ground is 
the plane è = 0. We call k = (I, m, n) a unit vector normal to a plane moving 
in the direction of k with the velocity of light e. This plane intersects a given 


point with coordinates, 2, Y, < at the time 
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800 where ft, is some constant. We call 2,, Y; 
the coordinates of the ith detector (è = 1, 
2, ..., n), and t, the observed arrival time 
of the shower particles at the ith detector. 
Then the values of 2, m, and t which 
minimize the function 


Small Timing Array (d=35m) 
(Kodaikanal) 


1 n 
y= ——~ > (et, + la, + my; — ch), 
m—3 {1 
25 Large Air Shower Experiment 
(d=500m) specify the moving plane which gives the 


best fit to the timing data according to 
the method of least squares. The solut- 
ion of the problem for data from any 
detector array is a simple algebraic 
problem. In order to demonstrate the 
good quality of the fits one obtains to 
timing data from both the small square 
array and from the large timing array we 
have plotted in Fig. 16 the distributions 
of the quantity y/d where d is the max- 
imum distance between detectors in a 


N 
i=) 


Relative Number of Events» 


— 
ao 


10 


Fig. 16. — Distributions of y/d for given array. The deviations of the measu- 
a small timing array (above) and for red values from those predicted according 
the Agassiz experiment. to the fitted planes are small compared to 


the dimensions of the arrays and this fact 
indicates that the arrival directions are 
well determined by this method. Values of y? for individual showers indicate 
the precision of determinations and provide a basis for rejecting poorly deter- 
mined events or for detecting blunders. 
Once the direction cosines! and m are determined the zenith angle 6, the 
declination 6 and the right ascension « are computed according to the fol- 
lowing formulas: 


6 = arc sin Vi? + m?, 
ò = arc sin (m cos 6) + V1 — 2 — m? sin Os)’ 


“« = y+ arc sin (1/cos 6) , 


where 6, is the latitude of the station and y is the sidereal time. 

In the small experiments concerned primarily with the arrival directions, 
the timing analysis is carried out on an IBM 650 computer and the results 
are punched directly on IBM cards with which the statistical analysis is carried 
out. In the large experiment the timing analysis is done on Whirlwind, a fast 
electronic digital computer, and the results, in addition to being included in 
the final output, are used in the analysis of the particle density data. In all 
these experiments the distribution of y? indicates that the typical uncertainty 
in the determination of an arrival direction is about + 5°. 
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3.2) Determination of the size and core location. Only 
in the large experiment with eleven detectors do we determine the core location 
and size of each shower. In this experiment we determine, in addition to the 
arrival times, the densities of shower particles at the detectors. We call gi 
the measured density of particles at the i-th detector. The problem is to de- 
termine a core location with coordinates Y and Y, and a shower size N which, 
according to some suitably chosen function f(X, Y,N;1,m, x, y), will predict 
a Set of particle densities that satisfactorily fit the measured values. We find 
that the function given by equation (1) of Sect. 1, where 


r= V(a@— X)? + (y— Y)? — [Wa — X) + m(y— Y)}, 


gives good fits for values of r less than 250 m when XY, Y, and N are chosen 


so as to minimize the function 


The weighting factor w; is chosen so as to balance properly the relative im- 
portance of low density data in which the principal kind of error is statistical 
against high density data in which instrumental errors (~ 14%) predominate. 

Naturally, the computation by hand of the values of XY, Y, and N which 
minimize the complicated function y? is impractical. Several analogue devices 
have been constructed and used. Although one of them was used in an 
essential way in designing the array, they suffer from a lack of speed and 
objectivity. All the results we have presented have been obtained by minimiz- 
ations performed on Whirlwind according to a program which computes first 
an initial rough approximation to the desired values of XY, Y, and N and which 
then adjusts these approximations in steps guided by the computed changes 
in y® and its derivatives. The program automatically stops the computation 
when the changes in w? and its derivatives meet a set of criteria which indi- 
cates that the function y? is near a minimum. A detailed Justification of the 
program for all possible circumstances would be difficult. However, the results 
of computations which have been performed on a group of test showers indicate 
its reliability for the purposes of this work. 

In order to test the overall performance of the data reduction program 
we analyzed twenty-five « artificial » showers. The core locations, sizes, and 
arrival directions of these showers were chosen to be equal to the corres- 
ponding computed parameters of the twenty-five largest showers which had 
been recorded during one month of operation and which had been analyzed in 
a routine fashion by the data reduction program. For each set of parameters 
we computed the expected numbers of particles at each of the detectors ac- 
cording to equation (1) of Sect. 1. The computed numbers were then modified 
by adding random fluctuations according to the Poisson distribution for numbers 
up to fifty particles per detector, and according to a normal Gaussian distri- 
bution with a standard deviation of 14% for numbers greater than fifty particles. 
(Fifty particles per square meter is approximately the density at which instru- 
mental errors and statistical errors are equal). These artificial shower data 
were therefore essentially representative of what one would expect to find for data 
from a typical set of large real showers provided that the lateral distribution is 
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Number of Events 


72 7.6 
Size / Actual Size 


ge i 
Calculated 
Fig. 17.- Distribution in the ratio of 
computed to actual sizes of « artifi- 
cial » showers analyzed on the Whirl- 


well represented by equation (1) of Sect. 1, 
and the fluctuations are Poisson. Figs. 17 
and 18 show comparisons between the 
values of the parameters of the showers 
on the basis of which the input data were 
computed and the final computed values of 
the parameters obtained by the data re- 
duction program. No systematic change in 
the computed size was found and the stan- 
dard deviation of the computed sizes from 
the true ones was 13%. The average dis- 
placement of the computed core locations 
from the true ones was about 10 m, and 
no systematic direction of motion was 


wind computer. noticeable. 


©) Statistical Analysis of Reduced Data. 


C.1) Acceptance areas. In or- v: 
der to calculate the size spectrum and @ © 
zenith angle dependence of showers from © 
the computed parameters of a large po- «Oa ®©, 
pulation of shower events, we select sam- 2 ~ 
ples of events from the population accor- sia ; 
ding to a set of criteria whose statistical OR © 
effects can be accurately evaluated. We x : 
call e(N, 0,9, X, Y; C) the probability for 
the detection of a shower of size N, co- © © 
ming from the direction with zenith angle 
0 and azimuth angle 9, and whose core 
strikes the ground at a point whose coor- 
dinates are X and Y. e depends, of course, 
on the electronic triggering requirement of 
the detection apparatus, and on any mi- 
nimum requirements which may be placed 
on the observed pulse sizes in order that the event be accepted for data 
reduction. We represent these requirements by OC. The quantity 


Fig. 18. — Chart of displacements 
between the computed and actual 
core locations of « artificial » showers 
analyzed on the Whirlwind computer. 


(1) R(N)T AN = 1 | [so 6, p)e(N, 0,0, X, Y; C) cos gd AdQdN , 


On 


therefore represents the expected number of showers that will be detected in 
the time 7 with sizes in the interval dN, arrival directions in the solid angle Q, 
and core location within the area A,. 

The dependence of e on N, 0, g, X and Y for any given triggering require- 
ment € is very complicated in areas where e is appreciably less than 1. We 
therefore restrict our consideration to areas in which ex1. Since all the 
projected distances from any given shower axis to the various detectors de- 
crease with increasing zenith angle 0, it is clear that e must always increase 
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and approach the value 1 as 0 increases. It follows that in areas where e~1 
for vertical showers e is essentially only a function of the size N and the trig- 
gering requirement © for all angles 0 and gm. Consequently, the integration over 
A, in equation (1) yields just the area of A,. Since we select the area A, so 
that ¢«~1 for vertical showers of size N, the integral over A, becomes a 
function A(N; €) of the size and triggering requirement. We call A(N; 0) 
the acceptance area for showers of size N according to the triggering requi- 
rement Cl. 

In order to illustrate the method for determining the acceptance areas we 
consider the triggering requirement that three or more detectors give pulses 
corresponding to a density of sixteen or more particles per detector. If a 
shower of size N strikes in such a position that the expected numbers of 
particles traversing three or more detectors exceeds 24, then e > .93 for this 
event. This value is sufficiently close to 1 for our purposes. We therefore first 
compute an acceptance radius ry (N; C) which is the distance from the axis of a 
shower of size N at which the density 
equals 24 particles per detector area. 
We then draw a map of the regions 
containing all points within a distance 


Fig. 19. — Diagrams of sensitive areas corresponding to the requirement that three 
or more detectors lie within a specified distance from the core. 
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y, of three detectors, and measure the area of these regions. We define this area 
to be the acceptance area for showers of size N. Acceptance areas for several 
sizes are measured and a graph of A(N; €) versus N is prepared. An event 
of size N is now accepted or rejected according to whether or not a circle of 
radius r,(N; C) drawn around the 
computed core location contains 
three or more detectors. 

In order to eliminate events 
whose size and core locations are 
not well determined, we super- 
pose on the above acceptance area 
criterion the requirement that the 
core land within a distance of 
160 m from the center. This addi- 
tional criterion obviously sets a 
limit on the value of the acceptan- 
Fig. 20. — Plot of acceptance area versus ac- ce area which is approached as N 
ceptance radius for any three of M, D and CH. increases. The chief advantage of 

the method is that the intensity 

of showers can be measured over 
a considerable range of sizes for which the acceptance area does not include 
the entire circle of radius 160 m. Fig. 19 illustrates acceptance regions corres- 
ponding to several acceptance radii and a particular triggering requirement, 
and Fig. 20 is a plot of the corresponding acceptance area versus N. 


100 


110 130 150 170 


C.2) Calculation of size spectra. Acceptance areas vary consi- 
derably over most size intervals which are broad enough to include reasonably 
large numbers of events. Consequently, one would have to use a weighted 
average of the acceptance area in order to compute an average intensity for 
an interval from the observed number of events. However, since the proper 
weighting function involves the size spectrum which is presumably unknown 
to begin with, this method is not satisfactory. 

The method we have used can be illustrated by the problem of determining 
the distribution in size of fish in the ocean by taking samples with a net having 
a range of hole sizes. If we call o(v)dv the density of fish with sizes in da, 
and r(x)dx the expected number of fish caught with sizes in dx, then o and r 
are related by the equation 


r(x) da = W(x)o(x)dx, 


where W(x) is proportional to the area of the net through which fish of size 
x cannot pass. If we suppose that we have only a relatively meagre catch to 
work on, then a satisfactory procedure for determining an average value of 
o(@) over some interval between x, and x, in which there are n fish is to evaluate 
the average of (r(2)/W(x)) for the n values of x represented in the catch and 
within the interval x, to x. In other words, we take 
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where the index è runs over the n fish in the interval x, to #,. Once the fune- 
tional form of e(v) has been determined x can be found and o(#) can be plotted 
as a function of x. 

In the determination of the spectrum of observed shower sizes, the effective 


«net area» for showers of size N is 
x, 
W(N) = A(N) [2x exp 


Co 


L— To 25 
sa | Dad 


or, in other words, the product of the acceptance area and the effective solid 
angle out to 0, = are cos (2/7). In the equivalent vertical size method, the effec- 
tive «net area» is the integrated area-solid angle within which we record 
accepted showers of a given vertical equivalent size, namely 


dra | da 


In practice W(N,) is determined by numerical integration using the graphically 
determined values of A(N). 


MN) [27 =; A (x. exp 


Lo 


FAVPSIPAREN D'UIESONLIOÌ 


Fluctuations in shower development (presented by W. KRAUSHAAR). 


While there can be little doubt that very large air showers are initiated 
by primary cosmic rays of very great energy, there is uncertainty in how one 
should assign an energy to the primary particle responsible for a shower of 
a given number of particles, and how one should relate a measured shower 
number-of-particle spectrum to a primary energy spectrum. 

Recently S. OLBERT has developed a theory of the cascade process which 
permits one to predict, given a model for the high energy nuclear interactions, 
the average number of particles, N, at atmospheric depth x that arise from a 
primary particle of energy E. Having observed a shower of N particles, then, 
one can infer the approximate primary particle energy. Such an inference, 
however, is subject to at least two important uncertainties. On the one hand, 
there is no model of high energy nuclear interactions that can be considered 
as established beyond its very gross predictions. On the other hand, all showers 
initiated by a primary particle of a given energy do not develop identically, 
and in principle the inference mentioned above requires a detailed treatment 
of the fluctuation problem and a knowledge of the primary particle energy 
spectrum. This latter uncertainty is of particular concern, since there would 
appear to be the possibility that showers having very large numbers of particles 
(hence apparently very high energy primaries) arise in fact from improbable 
fluctuations in the development of showers from the relatively very abundant 
lower energy primary particles. 

The important sources of fluctuations are certainly in the very early stages 
of the shower’s development, and in particular, as has been pointed out by 
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JAnossy and MrEsseEt [3], the first interaction of the primary is most significant. 
Two aspects of this first interaction are important. There is, first, the place 
or depth at which the interaction takes place. Showers initiated at different 
depths will be in different stages of development, and so have different numbers 
of particles by the time they reach the observation equipment at say, sea level. 
Then there is the possibility of fluctuations in the multiplicity and energy 
distribution of the particles produced in this first interaction. These fluctuations 
we believe to be relatively unimportant, because electron shower sizes at sea 
level are so nearly proportional to the initiating energy. If, for example, a 
secondary particle of energy e produces a shower with ke? particles, a primary 
interaction of total energy Z and multiplicity m will produce a shower of 
N = mk(E/m) particles and N is nearly independent of m if 6 is near one. 
In what follows only fluctuations which arise from fluctuations in the atmos- 
pheric penetration of the primary particle will be considered. 

We shall need the quantity n(£,) where n is the average number of 
electrons at thickness x below a nuclear interaction of energy E. Most often 
one is concerned not with n(E,x) but with N(H, x’) where N is the average 
number of electrons at atmospheric depth x’ that arise from a primary particle 
of energy E incident upon the top of the atmosphere. It is N(E,x'), for 
example, that has been calculated by OLBERT. These two quantities, N(E,2') 
and n(H, x), are related by the expression 


n 


(1) NIN) = fe |- SEA hr 


u 


where exp[— y/I](dy/l) is the probability that the first interaction occurs at 
atmospheric depth y in dy, and where the primary particle mean free path is l. 
From expression (1) above it follows immediately that 


(2) n(E, x) = N(E, a) + 


lo 
+15 N(E, #). 
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ot. a primary particle of energy 
E = 10° me? incident on the atmosphere according to the calculations of S. Olbert, 
based upon the Fermi model of nuclear interactions. The function n(H, x) is the ave- 
rage number of particles at a depth x below a nuclear interaction of energy H = 103 me?. 
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shown in Fig. 21 is the function n(£, x) as obtained from expression (2). 

The nuclear mean free path, /, has been taken as 100 g/cem-?. From the 
n(E, a) curve it is evident that the smallest possible number of particles is 
1.5-:10:, and corresponds to zero penetration of the primary particle into 
the atmosphere. It is also evident that the largest possible shower size is 
6.7-108 particles, and this corresponds to a primary particle penetration of 
about 500 g into the atmosphere. The average number of particles, from 
the N(H, x) curve is 2.5-108 particles. The probability distribution in n can 
be obtained as follows. 

The probability that the shower develops through a thickness x in dx is 
exp [— (av’— 2)/l] da/l, and so the probability that a primary particle of energy E 
gives rise to a shower at x’ with a number of particles between n and n-+dn is 


I 


Hi 


l 


exp 


3 P(E, «', n)dn = exp |— 
(3) (H, x’, n) dn exp | È a 


x(E, 3 d ee 3) Sa 


Here x(H, n) is the thickness of atmosphere through which a shower initiated 
by an interaction of energy E must develop in order to have n particles. That 
is, «(#, n) is an inverse of the function n(£, x). Fig. 22 shows the function 
P(E,c', n) vs. n for E = 108me? and e'= 1000 g em? (vertical showers at 
sea level). The most probable number of particles is the smallest possible 
number, and this corresponds to the situation in which the primary interacts 
at the very top of the atmosphere. Larger showers result when the primary 
penetrates into the atmosphere, and the largest possible shower results when 
the primary interaction occurs so as to place 
the shower maximum at sea level. The primary 
can, of course, penetrate even further into the at- 
mosphere, and the shower at sea level has then 
not yet reached its maximum. This deeper pene- 
tration accounts for the fact that P is double- 05 
valued. To a very good approximation, P(H, x’, n) 

can be expressed as a power law function of n 


particles 


SS 


between the upper and lower bounds of ». Ae 
Ka 
(4) Pig on) dn 2. 
n 01 


The value of « for the case we have considered, 
E=10* me?, «= 1000 g em”, is 2.7. If one starts 0.05 
with the assumptior that the number of particles 
in a shower falls off exponentially with atmospheric 
depth, the power law expression for the probability hp 


0.01 


Fig. 22. — The probability P(n, E, 2) that a primary 
particle of energy E = 10% me? gives rise to a shower 0.005 
of n particles at sea level, x = 1000 gcm™, Shower 
sizes are measured in units of 10’ particles, and the ! : E A 

probability is per unit shower size. Shower size in units of 10’ particles 


Probability that the Shower Size is n, per unit of 
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distribution in n is exact, and one obtains 


A 
(5) sy ala 


where / is the shower absorption length and / is the primary mean free path. 

To proceed further and to evaluate the effect of fluctuations on primary 
particle intensity measurements, one must make explicit assumptions on how 
n(E, x) varies with E. Over a limited range of shower sizes and primary 
energies it is sufficient to assume that n in the region of interest (shower max- 
imum and below) is proportional to the primary energy, and that the ratio 
of maximum possible size to minimum possible size has a constant value, 
independent of E. In the particular case shown in Fig. 21, this ratio is 
(6.7/1.5) = 4,45, 

The results of these considerations are best summarized as follows. Mea- 
surements of the intensity of showers of a given size can be converted to 
intensity of primary particles of a given energy in two ways. One can, and 
this is the method usually used, and the method used by the M.I.T. group, 
simply assume that showers of a given size arise from primary particles of a 
Single energy. That is, shower sizes can be converted to primary energies 
through a relationship such as N(E, x) in Fig. 21. Let us call the primary 
particle intensity obtained in this way 7. Primary particle intensities can also 
be obtained if one makes the initial assumption that the primary energy 
spectrum is of the form Ed and then folds together the P(n, E, x) distri- 
bution and the energy distribution. From an assumed primary intensity one 
then predicts a shower intensity and so from a measured shower intensity a 
primary particle intensity, I’, may be deduced. For vertical showers, under 
the assumptions we have outlined in the previous discussion, the ratio J/I' 
is 1.4. That is, under our assumptions, one tends to overestimate primary 
particle intensities by a factor of 1.4 if fluctuations are neglected. 

A further effect of this source of fluctuations is the tendency to smear out 
possible sudden changes in the form of the primary particle energy spectrum. 
It is interesting to notice that the only reason fluctuations do not have a more 
pronounced and perhaps disastrous effect on the detailed interpretation of 
Shower measurements is that the number of particles at the shower maximum 
is not enormously greater than the number at the level of detection. For this 
reason it is dangerous to infer primary particle energies from measurements 
on showers that have arrived from large zenith angles. 

Showers of moderate sizes from large zenith angles may have arisen from very 
high energy primary particles that interacted early in their flight through the 
atmosphere, or they may have arisen from much lower energy primary particles 
that happened to penetrate deep into the atmosphere before interacting. On 
the other hand, fluctuation effects can be made very small if shower measure- 
rements are made at mountain altitudes where large showers are near their 
maximum stage of development. 
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SECTION E: Sydney Air Shower Experiments. 


The Sydney Air Shower Experiment. 


M. H. BRENNAN, J. A. LEHANE, J. MALOS, D. D. MILLAR, 
C. S. WALLACE and M. M. WINN 


The P.B.S. Falkiner Nuclear Research and Adolph Basser Computing Laboratories, 
School of Physics (*), The University of Sydney - Sydney, N.S.W. 


1. — Introduction. 


Since the beginning of February, 1957, observations have been in progress 
in Sydney on the extensive air showers of cosmic rays of size 105 to 10° par- 
ticles. The following measurements are currently being made: 


a) determination of shower size and core location, 
b) directions of incidence of showers, 


c) comparison between particle densities as measured by a scintillation 
counter and a tray of Geiger counters, 


d) the lateral spread of u-mesons and of high energy and low energy 
nucleons, 


e) Cerenkov light pulses associated with showers. 


Results of the measurements a), b) and c) are reported in Sect. 5. Sta- 
tistics from the measurements d) are limited and will not be reported, while 
the measurements e) are reported separately in this issue, pag. 662. The next 
sections contain a brief description of the experimental arrangement, and of the 
method of recording and analyzing the data obtained from it. 


(*) Also supported by the Nuclear Research Foundation within the University 
of Sydney. 
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2. — Experimental arrangement. 


Scintillation counters. The detecting array is shown in Fig. 1 and consists 

of nine xylene scintillation counters, each of area 0.25 m?, and of liquid depth 
10 cm. These are distrib- 

uted over an area of 

Ra 30m by 70m with ap- 
proximately 30 m spacing 
© ® ® between counters. Three 
of these scintillators in 


Da © coincidence provide the 

I di 
D ; : 
© © ray N Penetrating Particle Detector master pulse which trig- 
[O Cloud Chamber 

S Ga Detector gers the apparatus. The 

® @ ARTO, È same three scintillators 

N Cons are used for the determina- 

re tion of shower directions. 

| Pulse heights are recorded 


from all nine scintillators 

Fig. 1. - The Sydney Array. The sizes of individual in binary notation on 

pieces of equipment are not drawn to scale. Showers i 

are detected by a three-fold coincidence between scin- 
tillators 2, 3. and 8 


punched paper tape, with 
an accuracy of +1 in 
the range 0 to 20 par- 
ticles and +-2 in the range 
20 to 60 particles. The average pulse height given by a single, vertical, 
penetrating »-meson was determined in a separate experiment, and this has 
been taken as the pulse height corresponding to a single air shower particle 
in subsequent work. 


Fast timing facility. Pulses from the three scintillators which, as mentioned 
above, provide the triggering pulse are displayed on a fast oscilloscope with 
artificially introduced separation between pulses of 140 mus. Time delays can 
be measured with an aeeuracy of the order of 5 mus, and shower directions 
obtained with an accuracy of the order of 2° in zenith angle and 4° in azimuti. 


Cloud chamber. <A cylindrical expansion chamber of diameter 60 cm and 
illuminated depth 30 em is included in the array. It is expanded when an 
incident shower sets off three or more Geiger counters under a thin (~ 1 em) 
lead shield placed below the chamber in addition to the three coincident scin- 
tillators. Directions of incidence of shower particles traversing the cloud chamber 
are measured and these directions are compared with the directions of inci- 
dence of the shower front as measured by the fast timing facility. 
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Tray of Geiger counters. A tray of 45 Geiger counters of total area 
0.384 m? are also in the array. Each counter is hodoscoped and the hodoscope 
data are recorded as a pattern of holes punched on paper tape. The number 
of Geiger counters discharged at each event is therefore known. The infor- 
mation obtained makes it possible to compare the densities of shower particles 
as measured by the Geiger counters with those measured by the scintillators. 


Penetrating particle detector. Three trays of 46 individually hodoscoped 
Geiger counters and each of area 0.4 m? are placed one above the other in 
lead shielding. There is 15 cm lead above the topmost tray and 5 cm lead 
between trays. u-mesons may be distinguished from high energy interacting 
nucleons from examination of the hodoscope records. 


Neutron detector. A neutron monitor whose prime function is to look at 
the intensity variations of the low energy nucleon flux is situated within the 
array. It is intended to record the number of pulses from the neutron counters 
in coincidence with air showers. 


3. — Recording of data. 


Data from the cloud chamber and from the fast timing apparatus are re- 
corded photographically. Cloud chamber photographs are reprojected stereo- 
scopically and spatial angles of tracks determined. Photographs of the screen 
of the fast oscilloscope are projected on to a screen and the distances between 
the points of initial rise of the three pulses are measured. Every tenth photo- 
graph is that of an artificial test pulse which serves as a check on the constancy 
of the performance of the electronics. 

All other data are recorded on punched paper tape in a form which is suitable 
for processing and analysis by the School of Physics’ electronic computer 
«SILLIAC ». Since the punching of paper tape is a slow process, means of 
storing the information from the various detectors is required. Photomultiplier 
pulse heights, from the scintillation counters and from the Cerenkov detector, 
are stored by means of stretching circuits which charge up polystyrene di- 
electric condensers to a voltage proportional to the height of the input pulse. 
The stretching circuits include a gate of resolution time 5 ys opened by the 
three-fold coincidence master pulse. Information from the Geiger counters 
is stored on screen grid thyratrons; the gating pulse is applied to the screen 
grid and the Geiger pulse to the control grid. The output is taken from the 
plate. The thyratron is fired by the arrival of a master pulse alone; it is not 
fired if there is a coincident Geiger pulse on the control grid. 
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The D.C. voltage levels on each of the stretching circuit outputs are taken 
to the pins of a stepping switch. The voltage level, in the range 0 to 60 V, is 
compared with a voltage produced by a free-running stepping switch sweeping 
over a dividing chain of resistors. When the two voltage levels become equal, 
a binary number in the range 0 to 42, determined by the position of the second 
stepping-switch, is placed in a temporary store of 6 relays. The contents of 
this temporary store are fed into the tape punch machine and punched out. 
The D.C. levels on the plates of the hodoscope thyratrons are also taken to 
the pins of a stepping switch and are compared with a fixed D.C. level of 50 V. 
If the thyratron output is below 50 V, one of the 6 temporary store relays is 
closed and a hole is punched on the tape. 

Other information recorded on the tape includes the time of the event 
to the nearest minute, the serial number of the event and the high tension on 
the Cerenkov photomultipliers. 

The total time taken to record the data from each shower on tape is of 
the order of 34 minutes. 

The punched tape obtained in the above way is decoded by « SILLLAC » 
which transforms the raw data as recorded into a form, on a second paper 
tape, suitable for computation. It also prints out in decimal notation the 
serial number of the shower, the time of the event, various D.C. voltage levels 
of interest, and the pulse heights from the photomultipliers. Data from the 
hodoscoped Geiger counters are at present read visually from the raw data 
tape. The time taken for decoding is approximately 3 s of machine time per 
shower. 


4. — Computation of shower size and core location. 


In this computation, carried out by « SILLIAC », it is assumed that all 
showers are vertical and that all showers conform to the same structure function 
as determined by the M.I.T. group: 


o(r) = si È [rita] i 
a (Mt+1) 

where o(r) is the density of particles m-? at a distance » metres from the core 
of the shower, N is the total number of particles in the shower and To =D Mi 
At each point on a grid of size 150 m by 150 m centred on the scintillator 
array and with a grid spacing of 15 m the following error function is mini- 
mized to give the best value of N: 


9 PEA 
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where n; is the observed number of particles through the i-th scintillator, 
n; is the predicted number for the assumed XY, Y and N using the shower 
structure function above and where (X, Y) is the assumed position of the 
core. The term y In N introduces the a priori probability that large showers 
are less likely to occur than are small ones. y is here taken as equal to 2.5. 
Having found the point on the grid where £ is a minimum, the computer 
hunts around this point in 4m steps to find the lowest minimum in the vi- 
cinity. The point where this occurs is taken as the position of the shower 
core, and the corresponding value of N as the shower size. In order to obtain 
some idea of the goodness of fit, the value of the error function, H, is printed 
out as well as Y, Y and N at the end of the computation. Furthermore the 
limits + dX, +dY on the position of the shower core are also printed out. 
The four points so designated correspond to limits on the possible positions 
of the core where the probability of fit has decreased to one-eighth of its value 
at the point (Y, Y). Of the four corresponding values of N which have been 
computed, that one which differs most from the value at (X, Y) is also printed 
out. This computation takes 


1 to 13 minutes of machine = 
time per shower. 8 
A systematic bias in N, ae 
et e Ee . . P0O6 pos 
arising from the maximization i 
of the joint likelihood for YX, Ta. eno? oa dae vane ION 
Shower Size, N N 


Y and N was suspected and 
«evidence for it has indeed been 
found. This bias has been 


determined for various classes 
of showers, according to shower 


LI 


0 10 20 30 40 
Distance from 
‘core location’. 


SR 


0 10 20 30 40 


rm) 
size and position of the shower 
core, whether inside or outside 
the area enclosed by the array ig 7 tor È 
of scintillators, by, in effect Pp oe P 08, 
maximizing the independent i 02. | L ; 
at 87 172 308 543x10° 4197 7 54310 


likelihood for N. The computer N 
searches over a grid measu- al a 

ring 168m by 168m and cen- P Di a 

tred on the previously deter- } 


10 20 30 40 0 10 20.90 40 
r 


Ps ree 


Fig. 2. - The probability distributions in N and 
in r for 4 showers whose cores were located at 
the points indicated in the central figure. The 
dashed arrows indicate the shower sizes as 
computed in the normal analysis. 


10, 10r 


mined best position of the core, 
in 14m steps. At each point 
on this grid the minimum value 
of E and the corresponding 
best value of N is computed, 
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the value of £ corresponds to a probability of fit to the experimental data 
greater than 10-° of that at the previously determined « best » position for the 
core, then a further search is made around this point on a grid of area 6 m 
by 6m and with 3m steps. At each point on this grid the probability of fit 
is determined and if it is greater than 1/3600 of that at the supposed core, this 
probability is added into the appropriate probability distributions in N and in r, 
where 7 is the distance from the supposed core to the point under consideration. 

This last computation is a lengthy one, taking several minutes of machine 
time, and consequently is done for a representative sample of showers only. 
It is found from this more detailed computation that values of N are deter- 
mined with an accuracy better than 30% with 90% certainty, but that the 
simple calculation gives values of 
N which are some 10% lower than 
the medial value of the probability 
distribution in N. The distribu- 
tions in r have half their area 
within the range 0 to 5m from 
the previously determined position 
of the core. These figures apply 
to showers whose cores fall within, 
or close to, the scintillator array. 
At larger distances from the array 
the distributions tend to become 
wider (Fig. 2). 
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5. — Results. 
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brid the ‘observedenumberi array for each shower. Fig. 3 shows 

the results of such computation for 

a random sample of showers ana- 

lyzed for shower size and core location taking into consideration the responses 

from only eight of the nine scintillators in the array. The densities of shower par- 

ticles at the position of the ninth scintillator were then predicted by «SILLIAC » 

and compared with the observed response of the scintillator. It will be observed. 
that there is good agreement between prediction and observation. 
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The computer was also asked to predict the densities of « scintillator par- 
ticles », that is the densities of particles as would be measured by one of our 
scintillators, at the position of the unshielded tray of Geiger counters described 
in Sect. 2. In Fig. 4 are plotted points for 415 showers with the predicted 
density of scintillator particles as ordinate and the number of Geiger 
counters discharged in each event as abscissa. 

If the density of scintillator particles is 
denoted by 
density of particles to which the Geiger 
counters respond is fo, where f is assumed 
constant, then for a given density of scin- 
tillator particles on the Geiger counter tray 
the relative frequencies with which different 
numbers of Geiger counters, k, are discharged 
out of the total number of 45 in the tray 
are given by the following Poisson proba- 
bility expression: 


o and if it is assumed that the 
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Fig. 4. Comparison between the 


-exp[— Bo.A(45 — k)] density, 0, of particles predicted 
at the tray of Geiger counters and 
the number of counters discharged. 

where A is the area of a single counter. The dashed line passes through the 


The observed events have been grouped into —most probable number of Geiger 
30 density intervals and the observed fre- counters discharged ESE a density 
‘ at P 0.9- 0 particles on the Geiger tray. 
quencies, n(k, 0), form a 30x45 matrix, whe- 
re 9 is the mean density for each of the 30 
density intervals. This observed frequency distribution matrix has been compar- 
ed with a computed matrix using the above Poisson expression, and, using a 
maximum likelihood method, the best value of 8 has been obtained. It is found 
that 80.89 + 0.03 where the error limits correspond to the 30% probability 
level. It is apparent that the density of particles as measured by our scin- 
tillators is not very different from that measured by a tray of Geiger counters. 


Shower structure function. In Fig. 5 the particle densities as measured by 
our scintillators is plotted as a function of distance from the computed position 
of the shower core for a number of showers. AIl densities have been normalized 
to a shower size of 3-105 particles. It will be seen that agreement with the 
shower structure function used in the analysis is good. 


Shower directions. As mentioned in Sect. 2, shower directions can be de- 
termined using the M.I.T. method (BASSI, CLARK and Rossi, 1953) measuring, 
with fast timing techniques, the time delays between scintillator pulses, also 
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by measuring the directions of shower tracks in the large Wilson cloud chamber. 
Comparison of the results of the two methods is currently being made. 
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Fig. 5. — The shower structure function. Particle 
densities as measured by the scintillators, plotted 
as a function of distance from the shower core. 
Data for 14 showers have been used. Shower sizes 
are normalized to a size 3-10° particles. 


zenith angle and up to 90° in azimuth. 
delay method fell within these limits. 
determined directions, the errors 
being less than 8° in zenith, and 
20° in azimuth angle. For 24 
of these showers the time-delay 
directions fell within the error 


Fig. 6. — Directions of 25 showers as 
determined by the time-delay method 
and from the mean direction of cloud 
chamber tracks. The two results for 
each shower are linked. Zenith angles 
are measured radially, azimuth angles 


So far 49 showers have 
been recorded for which a 
direction of incidence has been 
measured by the fast timing 
method and which also gave a 
direction in the cloud cham- 
ber. The selection criterion 
for the cloud chamber photo- 
graphs was that there should 
be at least 5 tracks all parallel 
to within 10° in the cloud 
chamber. A mean direction 
for the tracks was determined 
and an error at the 5% level 
of significance has been assign- 
ed to this direction from 
the distribution of the indivi- 
dual track directions about 
this mean and on the assump- 
tion that this distribution is 
normal. Of the 49 showers, 18 
gave a mean cloud chamber 
direction with errors at this 
level ranging up to 20° in 


The directions as given by the time- 
The remaining 31 showers had better 
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x Time-delay method 
o Cloud chamber method 


are measured from North. In the single case where the difference in azimuth angles 
is greater than 90°, the time-delay determination is Suspect (see text). 
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limits, 6 fell just outside them and one was well outside them. For two events 
out of the 6, also for the last event, the time-delay determination is suspect 
since at least one of the scintillator pulse heights was small. Statistics at 
present are insufficient to tell whether the imperfect agreement between the 
two methods is caused by the non validity of the assumption of a normal 
distribution of the track directions about the mean value, or whether the dif- 
ferences between the directions as measured by the two method are correlated 
with distance from the shower core to the cloud chamber. 

In Fig. 6 are plotted the mean direction of the cloud chamber tracks and 
the direction of the shower front as measured by the time delay method for 
25 showers. 

Shower size spectrum. Only showers of size > 3.5-10° particles (corrected 
by 10% to convert from «scintillator particles » to « Geiger partieles ») whose 
cores fall within an area 20m by 28m around the three triggering seintil- 
lators are here considered. The probability for such a shower to be recorded 
is > 95%. 49 showers were recorded in 115 hours sensitive time conforming 


to an integral shower size spectrum 


K(> N) = 4.5:10-*(N/10*)-**4°1 ms. 


REFERENCE 


[1] P. Bassi, G. CLARK, and B. Rossi: Piys. Rev; 92, 441, (1953). 


13 - Supplemento al Nuovo Cimento. 


Se A ra NY teak Te pe ee 
> ; F 7 LS ‘ 


9 4 
SUPPLEMENTO AL VOLUME VIII, SERIE X Ne 2001998 


DEL NUOVO CIMENTO 


20 Trimestre 


Cerenkov Light from Air Showers. 


M. H. BRENNAN, J. MALOS, D. D. MILLAR and C. S. WALLACE 


The F.B.S. Falkiner Nuclear Research and Adolph Basser Computing Laboratories, 
School of Physics (*), The University of Sydney - Sydney, N.S.W. 


.1. — Introduction. 


A general description of the Sydney air shower experiment has already 
been given in the preceding report [1]. Included in the experimental array is 
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Fig. 1. — The dependence of C/N, 
the Cerenkov pulse height divided 
by the shower size, upon r, the 
distance from the core of the 
shower to the Cerenkov detector. 


a Cerenkov detector in the position indicated 
in Fig. 1, page 654 of this issue. This detector 
consists of a search-light mirror of diameter 
110 em and aperture f/0.5 which looks verti- 
cally upward into the night sky. At the focus 
of the mirror are placed 7 photomultipliers, one 
on the optic axis and the other six surround- 
ing this central one. Each photomultiplier 
accepts light from a cone of half angle 39. 
The axes of the offcentre photomultiplier 
cones are at an angle of 7° to the vertical. 
At present only three of these photomulti- 
pliers, the central one and a diametrically 
opposite pair, are in use. Pulse heights from 
them in coincidence with air showers detected 
by the scintillator array, are punched on 
paper tape in the manner already described 
for the scintillator pulse heights. The high 
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tension supply to the photomultipliers is controlled so that the anode current 
remain constant at 100 uA in order to ensure stability of operation. The 
value of this high tension is recorded on the punched paper tape at each 
event, and from the dependence of photomultiplier gain on high tension, which 
has been measured using scintillation pulses, the observed light pulses may be 
corrected to their equivalent size at 1000 V high tension. Only light pulses 
are considered if their equivalent height at 1000 V is greater than 50 mV 
at the photomultiplier anode, corresponding to some 10000 photons incident 
on the photocathode. Such a high threshold is dictated by the back-ground 
noise level. With improved electronics this threshold will be reduced. 

It may be noted that one point of difference between this experiment and 
those of JELLEY and of CupAKOV is that we are triggering our apparatus on 
incident air showers rather than on incident light pulses. Furthermore no 
attempt has been made, on the basis of Cerenkov pulse heights alone, to select 
only vertical showers, as has been done by CUDAKOV [2]. 


2. — Results. 


During the time of observation while the background night sky illumination 
has been acceptably low, i.e., when the photomultiplier high tension has been 
greater than 980 V, 226 showers have been recorded which could be analysed 
for shower size and for the position of the shower core. These were showers 
of size greater than approximately 10° particles. Of these 226 showers, 28 were 
accompanied by Cerenkov light pulses greater than the minimum acceptable 
size. In addition several showers, too small to give sufficient data from the 
scintillation counters for an accurate determination of size and core location, 
were also accompanied by Cerenkov pulses. 

For these 28 out of 226 events no direct correlation between shower size 
and Cerenkov pulses was established. Similarly no direct correlation between 
pulses and distance of the Cerenkov detector from the core was discerned: 
for showers whose cores fell within a distance of 20 m from the detector 12% 
(6 events) gave a Cerenkov pulse, from 20m to 40m the ratio was 15% 
(15 events) and at distances greater than 40 m it was 9% (7 events). On the 
other hand when one plots the ratio of Cerenkov pulse height to shower size, 
C/N, as a function of distance from the detector the Fig. 1 is obtained. In 
this figure each point refers to an individual shower and although there is a 
trend for C/N to decrease with increasing distance from the core the scatter 
of the points is so large as to make any simple functional relation proposed 
between these quantities of doubtful value. 

One likely source of these fluctuations lies in the fact that the showers 
detected are not incident in the vertical direction. Out of the 226 showers 


n 
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recorded by the scintillator array during the time of Cerenkov observations 
46 were considered to have a sufficient number of particles traversing the 
three triggering scintillators for the directions of incidence of these showers 
to be determined unambiguously by the fast-timing technique already 
described The number of Cerenkov events accompanying these 46 showers 
was 7. The number is too small for any classification to be made according 
to shower directions, however the events have been divided into two cate- 
gories according to whether the skew distance from the optic axis of the Ce- 
renkov detector to the trajectory of the shower core is greater than, or less 
than, 10 m. It is found that out of 14 showers having skew distances less than 
10 m, 5 were accompanied by a Cerenkov pulse, whereas out of 32 having skew 
distances greater than 10m only 2 were accompanied by a Cerenkoy pulse. 
It appears therefore that a shower whose core traverses the acceptance cone 
of our Cerenkov detector is more likely to give a detected pulse than is a 
shower which does not do so. Furthermore the direction of incidence of the 
shower need not be closely parallel to the optic axis of the detector; indeed 
two of the 5 events with skew distance less than 10 m were showers whose 
direction of incidence was greater than 30° to the optic axis. 

Again when the three collinear photomultipliers at the focus of the mirror 
were in use, several events were observed with detectable pulses from all three, 
indicating that the angular spread of the light from these showers was at 
least 99. 

It is apparent therefore the angular distribution of shower particles pro- 
duced by Coulomb scattering in the air can not be neglected in the interpre- 
tation of Cerenkov light pulses from extensive air showers and, furthermore, 
that a single Cerenkov detector has a poor angular resolution if used as a means 
of selecting showers with directions of incidence coinciding with the direction 
of the optic axis of the detector. 
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SECTION F: Tokio Air Shower Research. 


Underground Studies of |-Meson Component 
in Extensive Air Showers. 


M. ODA 


Institute for Nuclear Study, University of Tokyo - Tokyo 


The importance of studying high energy u-mesons in the extensive air 
showers is obvious. u-mesons, once produced, do not make strong inter- 
action with the material and come directly to the point of observation frem 
the point of production. If detailed information on this component is 
obtained, the development of the nucleon cascade in the atmosphere will 
be fairly well understood. When the air shower hits the ground, there remain 
u-mesons which are not absorbed and penetrate into the ground to a con- 
siderable depth as the skeleton of the air shower. Observations at various 
underground depths give us the knowledge of the u-mesons of various energies 
corresponding to the various depths. 

Results of experiments by the Cornell University group, the London group 

and the Osaka City University group (*) (referred by Cornell, London and Yaizu 
respectively) are briefly summarized in the following: 
d, depth; E, the lowest energy at sea level of the u-meson which reaches the 
depth; S, effective area of the equipment; R, radius of lateral spread of 
u-mesons; f,, rate of è u-mesons entering the equipment; F,, rate of i-fold 
coincidences of equipment of area S. 


[1]: a) Cornell d ~1600 mwee., E — 600 GeV S~0.8 m? 
fa — 1/100h . &—-13m 
exponent of density spectrum (diff.) is estimated as 3.4 4 0.1 


(*)S. HrgasHI, H. MrranI, T. OSHIO, H. Surpata, K. WaranABE and Y. WATASE. 
Osaka City University, Osaka. The station is at Yaizu, Shizuoka. 
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[2]: b) London d — 60mw.e., E ~ 20 GeV S~ 0.3 m? 
F,~10 day 3 R ~ 60m 
F,/F, ~ 0.2 +- 0.45 F,/F, ~ (1.7 +2.8) 10- 


F,/F, ~ (4.5 + 6.0)-10 5 


[alte azn | 
1) ad ~~32 m W.e., E ~10 GeV S ~ 0.16 m? 
fi ~ 2/100 h 
corresponding electron density above ground is on the 
average 10 ~ 50 m-? 
2) d_-200mw.e. E ~ 60 GeV 
f. is about one tenth of the above. 


[4]: d) Yaizu II 


1) d —40mw.e. E ~10 GeV S~0.3 m? 
Nov of ¢-medons ini 4h ob” TO ae SE ad 
Cases in 1080 h 2 DIO 4 ik a 1 1 


2) d ~ 210m wee. 


One case of 8 mesons in 750 h so far. 


The density spectrum of u-meson showers at a few tens of GeV is deter- 
mined from the ratios of London experiment. The rates of London and 
Yaizu I of 32 mw.e. are consistently derived from this spectrum: 

(0.05 + 0.2):4-*?***h-! for the density A from 10-‘m~? to at least a few m??. 
If the exponent of this spectrum is insensitive to £, we may expect the density 
spectrum for E > 60 GeV as (0.005 —0.02)-4-* "7h 1. 

For E > 600 GeV, ~ 10-3-47°!#°! h ! is expected. 

From the above density spectra for three different energies the energy 
spectrum of u-mesons in the air shower is derived; that is roughly inversely 
proportional to the energy. 

Spectra of the total number of u-mesons in the shower, M, are derived as 
well if a flat lateral distribution of the u-mesons is assumed. Combining those 
with the size spectrum of the air showers worked out by the M.I.T. group, re- 
lations among the size of the shower, N, M and the density A of u-mesons for 
various energies are presented as follows: 
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These figures are to be compared with theoretical calculations of the air 
shower. It is worth to be noticed that the densities of high energy u-mesons 
in an air shower seem to be more or less constant regardless of the energy of 
the u-mesons. This fact being combined with the 1/r distribution of low energy 
u-mesons, say 2 1 GeV, is at least qualitatively understood with a reasonable 
model of the air shower. 

If the above density spectrum of E = 10 GeV derived for the densities. 
from 10-*m-? to a few/m? is to be extrapolated up to higher densities of y-mesons, 
say to the order of 10 or more per m?, the results of Yaizu II [4] seem to contra- 
dict this spectrum. The rate of u-meson showers of high density observed in 
Yaizu II is more than ten times higher than expected by the extrapolated 
spectrum, whereas the rate for lower densities in Yaizu II seems to be con- 
sistent with the earlier studies. Thus, those u-meson showers of high densities, 
called m.p.p., seem to request other explanations than those by a conven- 
tional picture of the u-meson component in the air shower. 
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A Measurement of Energy Flow in the Extensive Air Showers. 


T=-MATANO, I. MIURA, M. Opa, K. Suga, G. TANAHASHI and Y. TANAKA 


Institute for Nuclear Study, University of Tokyo - Tokyo 


Electronic components of the extensive air shower develop cascade showers 
and dissipate energies in the material. The total amount of Cerenkov radiations 
emitted in the material is proportional to the sum of path lengths for these 
cascade showers which is again proportional to the energy carried by the electronic 
components. Thus, the collection of Cerenkov light emitted in a thick ma- 
terial, which is so thick as to essentially dissipate the whole energy of the elec- 
tronic components as cascade showers, provides a means of measuring the energy 
flow in extensive air showers. It is attempted in the present air shower project 
to measure the energy flow of the electronic component and Cerenkov detectors 
based on the above principle are prepared (called e-detectors). Essential feature 
of two kinds of e-detectors are given as follows: 


Pb(NO3)> 
SOLUTION 


WHITE PAINT 


0 50 100cm 0 10 20 30 40cm 
[ae ee | SS | 


(a) (Db) 


Fig. 1. — (a) Experime ntal arrangement. G@ represent the G.M. counter trays of 640 em?, 

e represents the e-dete ctor; n represents the n-detector which measures the density of 

the shower and is sim ilar to the seintillation detector of M.I.T. (b) The structure of 
the e-detector. 
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a) Pb(NO;)-solution (80-35%) 
Total thickness = 80 em = 6--7 radiation lenghts 


Sensitivity: Several photo-electrons/relativistic particles of 
80 em track length. 
b) Pb-glass block (made by Nippon Kogaku K.K.) 
Area: 2000 em? 
Thickness = 30 em = 12 radiation lenghts 
Both with DuMont 5 in. photo-tube. 
2 
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~~ 
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Fig. 2. — Relations of the energy flow E. and the particle density N of the extensive 


air showers. 
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For the preliminary test, an e-detector of type a) was set one meter apart 
from another detector which is a scintillation detector similar to that of M.I.T. 
(called n-detector). Simultaneous records of both were obtained whenever 

they were triggered by coincidences of 

100 four G.M. counter trays (Fig. 1). Detec- 

tors are calibrated by a single relativi- 

Stic particle. Records are plotted in Fig. 2. 

Each point in the figure represents a sho- 

Ù wer which discharges G.M. trays where £, is 

the amount of energy carried by electronic 

E. components through a certain area (0.25 m?) 

0 NICO) and N is the number of particles in 1 m? at 

di i a essentially thesame point. Thus, the relation 

Fig. 3.—The rate of the showers whose of the energy flow and the particle density 

E./N issmaller than the valueonthe —of the extensive air shower is presented. 

e O hi The lateral distribution si the electron 

total number of The showers density has been almost established. On the 

other hand the distribution of the energy 

flow has so far not been wellinvestigated(*). 

Present results may give us a crude idea of the lateral distribution of the energy 
flow as described in the following. 

The probability of discharging four counter trays by an air shower is cal- 
culated as a function of the dis- 
tance, +, expressed in Molière units, 


© 

of this point from the core of the Cao, 

shower. Let us, meanwhile, assu- = felon) 
; È 

me that E,/N,i.e. the energy flow % ù y:15 


divided by the number of elec- ‘99 
trons, is a unique function of x 
and make up a distribution of £,/N 
from the above results. Appropia- 
tely relating the probability as a 
function of 2 with this distribution 
one may derive a relation of £,/N 
and r. This has been done as is seen ol 
in Fig. 3, 4and 5. Fig. 3 represents la a se 


the distributi : : ; ae 
e distribution of showers whose Fig. 4. - The discharging probability of four 
E/N are smaller than the corre- G.M. counter trays as a function of «. 


50 


(*) S. MIYAKE et al. also attempted to derive a part of the lateral structure of the 
energy flow by an analysis of experimental results obtained with a core-selector and 
G.M. counter trays in their air shower experiments. 
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sponding values on the abscissa. Fig. 4 represents the discharging probability 
of four counter trays for those showers, the distance from the axis of which is 
larger than x, with an arbitrary scale. Relating these two curves, we tent- 
atively obtain the relation of #,/N and è which is presented in Fig. 5. 

J. NISHIMURA has worked out 
a theoretical calculation of the ,g? 
cascade shower concerning the 
lateral distribution of the energy 
flow (**). The result of the calcula- 
tion is also presented in Fig. 5. The È 


=|m 


: EN THEORETICAL 

agreement between the conclusion 10 N a S:10 
» 

SS 


of the analysis of the experimental 
results and the theoretical conclu- 
sion is fairly good. However, one 


should consider various simplifi- i a 
eations involved in the above [ an 
analysis of experimental data and 
detailed arguments have to be 
reserved until further investigation 


- 5 : x(T%) 
will be made using rather detailed pe 


ont DI 1 7 
information for each shower with 
the aid of, for instance, the array Fig. 5. — The relation of E.JN and x derived 
of detectors. from Figs. 3 and 4. 

Once the lateral distribution 
of energy flow will be known to us, we may combine this with the conven- 
tional lateral distribution of electron density and, provided both are not very 
similar, obtain contour-lines for the size of the shower and x on the £,/N-diagram. 
The lines tentatively calculated with Nishimura’s theory of energy flow 
and Nishimura-Kamata’s theory of the electron density are shown in Fig. 2 as 
an example. N is the size of the shower. The squares show espected stati- 
stical errors. Looking at this diagram one may, in principle, hope to determine 
the size of the shower and x by measuring E, and N at a point simultaneously. 


* OK _* 


Authors are greatly indebted to Prof. J. NISHIMURA for making available to them 
his unpublished results of calculations as well as for his continuous discussions 
on the whole project. They wish also to express their gratitude to Prof. M. 
Croucu for his most effective collaboration to the air shower project of this 


Institute. 


(**) To be published. The theory tells us that E, :2/N is a slowly varying function of x. 


Ne 2, 1958 
2° Trimestre 


SUPPLEMENTO AL VOLUME VIII, SERIE X 
DEL NUOVO CIMENTO 


Lateral Distribution of Energy Flow of Cascade Showers. 


J. NISHIMURA 


Institute for Nuclear Study, University of Tokyo - Tokyo 


Lateral distribution of electrons in extensive air showers have hitherto 
been studied by many authors. In 1956 Prof. ODA in this institute has pointed 
out the possibility to observe the lateral distribution of the energy flow of 
shower particles using large Cerenkov detectors. 

‘Independently from this plan, a similar experiment has been carried out by 
the Harwell group as reported at the Oxford Conference. 

Thus it seems desirable to evaluate the lateral distribution of energy flow 
of shower particles, which can be derived using the solutions of lateral distri- 
bution functions reported in our previous papers (Prog. Theor. Phys., 5, 899 
(1950); 7, 185 (1952)). 

Let NV (Hy, #, r,t)dE2ardr and N_(É, E, r,t)dE2ardr be the number of 
electrons and y-rays at depth t in the energy interval £, E+d£ the annular 
area lying between radius r and r+dr, with an incident electron energy H). 

Then 


e) BY? / n 
1 N.=— 1 i a 4 
d) TT Bri al tt eli (F) Dal (a) Gs 
L(p + IL(— 9) Mp, q-8-t) , 
where 27 is given by the equation 


(2) Ls = 2p + q)M(p-¢-s) = 


fo 
=(4+ o){p — 1M (p —1, q) + (8 +2p + Q)qM(p-q—1h, 


or DV PORT de 
7 
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with 
(3) a = Jim M 
and 
(4) M(0, 0, s, t) = H,(S) exp [A,(s)t] + H.(S) exp [A,(S)¢] . 


For y-rays, we get 


+= 0 


A Fi —- 1 "EMI ww; Vi at eas E 3 1 E 2 Ors qd ‘hey? —=p=1 
0) N= — ana] {sear dace Lane oF) (a) le) (a) Bel 
-T(p+ iI go (p, 948,4), 
with 
t 
(6) qr’ = lim exp [— ot] fexp {ot dt, 
(§-—t)>0 


where M is given by the eq. (2). 

Multiplying £ on the both sides of the formulae (1) and (5) with respect to E 
and integrating from 0 to co, we get following formulae for the lateral distri- 
bution of energy flow of electrons (W.) and y-rays (W,) 


E =e € ac ENT EMETTE. 
(9) Le ca] [eran (2) (=) ("es 


-P(p + 1)p(s —1 + 2p) (p, — 2p —s +1), 


: È += Ee é 2 (ee) > 
8 W= — = § ay (A. = È 
(8) " a [fas ave (2) (ic) (Se 


Pp +1)P'(s —1 + 2p)9(p, — 2p — 8 + 1), 


For er/K <1, W, and W, are represented by the formula elfi) 77% which 
is r/r times more steep than the usual lateral structure functions. The con- 
sequence is that the higher energy particles are less scattered from the shower 
axis. 

Numerical evaluations of (7) and (8) are carried out Ge Go Ae ANG 
results are shown in Table I. 


(*) The numerical evaluations of (7) and (8) are much more tedious than that of 


usual lateral structure functions. 
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TAB 


r/r, MEDE 0.01 0.1 0.4 ine 4.0 | 


| 
a {(W.+W)/e}(e]r)| 0.36 0.40 0.46 0.57 | 0.97 | - 2.00 4.00 | 


As shown in Table I, the relation (7,/r) -2 —W.+W, is held only for 0< r}yryale 

Structure function of energy flow for r/r,>1, which is mainly contributed 
by W.), does not decrease so much as 7,/r compared with x. The results may be. 
so interpreted that the range of low energy ; -rays (1/0) is much longer than that 
of low energy electrons, H/e, and y rays are more accumulated compared with 
electrons for r/ry >1. 

Thus the results obtained by the Harwell group can not be interpreted. 
from these calculations. 


(**) The precision of numerical evaluation is expected to be 10% or 20%. 
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SECTION G: Other Air Shower Experiments. 


Time Variations of Extensive Air Showers. 


A. CITRON (*) and G. STILLER 


Physikalisches Institut der Universitat - Freiburg im Breisgau 


On the Schauinsland near Freiburg i.Br. (48° N, 8° E, 1230 m) extensive 
showers have been recorded from November 1953 to October 1956. The ap- 
paratus [1] (Fig. 1) consists of 10 trays of G-M counters with an effective area 
of 1700 cm? each. Five of these trays (1 through 5) are located on a straight 
line at equal separations, the 
two extreme ones (1 and 5) 
having a distance of 11 m. 
Threefold coincidences (I;) of 
the two outer and the centre 
tray (1, 3, 5) and fivefold ones 
(I;) of all five trays are recor- 
ded. The remaining five trays 
(6 through 10) are situated im- 
mediately adjacent to 1 through 
5 and constitute a duplication 
of the apparatus, giving coincidences II, and II,. The two parts I and II 
of the apparatus are electrically independent and permit a constant check 
on its functioning. Their results can be added up (K;, K;) to improve 
statistics. A correction for common events is applied. We also record tenfold 
coincidences of all trays (K,) and three- and fivefold coincidences with each 
pair of adjacent trays (e.g. 1 and 6) connected in parallel (M, and M;). 
K,;,= K,—K, ete., represent low density showers. 7 

Table I gives mean densities, counting rates, estimated particle numbers 
and energies for the various events recorded. The counting rates were also 


Fig. 1. — Block diagram of the apparatus. 


(*) Now at CERN, Geneva. 
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(a) (0) (e) (d) (e) (f) (9) 
(lee) (h-?) (hi) (eV) (106 counts) 
MIS 2200 150.2 152 Seo hoe PAP ROA KY 2.84 
ow ds 58.3 59 5.8 4.0 
Ms 8.7 316.5 322 6.3 4.3 6.02 
Ke ) LR 120.4 124 1.12-10 7.6 
| Abb 14.5 166.3 Wye! 1.15 7.8 3.18 
OE 29 62.1 65 2.1 1.4-101° L379 
oe 45 32.6 36 3.4 2.4 0.38 


(a) Counter arrangement. 
| (b) Mean particle density for y= 1.435. 
(c) Counting rate (measured). 
| (4) Counting rate caleulated for a lateral distribution according to NISHIMURA and KAMATPAa with 
s= 1.28, 7,= 92m and Grcisen’s number spectrum, interpolated to the altitude of the 
Schauinsland. 
(e) Mean number of particles under the same assumptions. 
(f) Estimated energy for 6.8 GeV per observed particle. 
| (9) Total number of counts used for diurnal variations. 


calculated using the number spectrum of GREISEN [2], including his normali- 
zation factor. We find excellent agreement with the measured rates at low 
energies. Greisen’s exponent y’ varies between 1.37 for M;.; and 1.46 for Ky). 
A stronger variation of y’ in this range would improve the agreement at the 
higher energies. 


1. — Diurnal variations. 


Table I alse gives the total number of events included in the analysis with 
respect to diurnal variations. The results of this analysis are reproduced in 
the histograms of Fig. 2 and 3. The data are corrected for barometric pressure. 

A 7?-test on the hourly intensity figures yields P-values less than 1% for 
the solar variations of M,, M; and A,;. The variations in all recorded events 
are similar in aspect (broad maximum between 0 and 4h, second maximum 
between 12 and 14h), even for pairs of counter arrangements which record 
no common events (e.g. M,; and M,). They repeat reasonably well from one 
year to another (Fig. 3). We conclude that a solar diurnal variation exists. 
It can be explained qualitatively as being due to a variation in air density 
(see below). From the regression coefficient obtained from day-to-day varia- 
tions in temperature (about 0.3% °C~!) and the known day-to-night temperature 
variations in the free air (~ 0.5 °C) a somewhat smaller amplitude would be 


TIME VARIATIONS OF EXTENSIVE AIR SHOWERS 677 


expected. Lack of precise information about the diurnal temperature variation 
in the free air makes a more detailed comparison impossible. 
No significant sidereal variations were found in the data which group the 


T o 
0 & 8 12 16 20 24h 0 4 Soh 12. 16" 20 
ee See Sp | 
loo local solar time Woe local sidereal time 


Fig. 2. — Solar and sideral diurnal variations (three years). Relative deviations of two- 

hourly means from the daily mean value are plotted against solar (7) and sideral (S) 

local time for the various counting arrangements. The broken line indicates the standard 
error on the two-hourly means. 


three years together. In the data of 1954 (Fig. 3a S) a variation with a signi- 
ficance level of 2% (y?-test) was found for the XK; events [3]. The maximum 
between 20 and 24h local sidereal time agrees well with that found by 
DAUDIN [4] in the years 1951 to 1953 and, taking into account the difference 
in latitude, also with the one found by FARLEY [5] in New Zealand in 1952. 

But the fact that the effect does not reproduce itself in the two subsequent 
years indicates that it is not a true sidereal variation. 

Using the « antisidereal» correction [5] we were able to show that it is 
improbable that the apparent sidereal effect in 1953 was due to atmospheric 


44 - Supplemento al Nuovo Cimento. 


~~ è 
f DL SE . Ù Y 
\ ea 


678 A. CITRON and G. STILLER 


influences, or that the absence of an effect in 1955 and 1956 could be explained 
as a compensation of a true sidereal effect by an atmospheric one. In this 
analysis we included several harmonics of the daily variation and also allowed 
for some yearly phase modulation of the solar diurnal variation [6]. 


T s 
ESS Rane 
ie 4 OA). Bt iy ee eee 6 208250 


local sidereal time 


L local solar time 
+10 


Fig. 3. — Solar and sidereal variations of events K; for different one-year periods. 
a) Nov. ’53- Oct. °54; b) May °54- April °55; c) Nov. 7°54 - Oct. °55; 
d) May °55 - April °56; e) Nov. °55 - Oct. 756. 


2. — Atmospheric effects. 


A multiple correlation analysis between daily shower rates, local pressure 
and free air temperature has been carried out. The temperatures used were 
those measured twice daily (2 and 14h GMT) above Payerne [7] (150km 
SSW of Freiburg) at the standard pressure levels 850, 700, 500, 400, 300 
and 200 mb. 

Temperatures taken at a fixed pressure level are a direct measure for the 
air density. The partial regression coefficient with respect to density, eli- 
minating pressure, gives the temperature effect. The partial regression coef- 
ficient with respect to pressure gives the influence of pressure after elimination 
of density effects, thus the absorption effect. 
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It was found that partial correlation coefficients with respect to tempe- 
rature vary little with the level at which the temperature is taken, provided 
one of the levels between 850 and 300mb is chosen. 200 mb temperatures 
give a poorer correlation. The best correlation is obtained for the temperature 
averaged over all levels from 850 to 300 mb. 

The results of the analysis are given in Table II. The small values found 
for the residual variations show that there were no significant fluctuations 
apart from those caused by pressure and temperature variations. 


TABLE II. 


(a) b) (e) (d) (e) (f) (9) | 
%(em Hg) (%0 0-1) (70°C) | (gem) 
Msi 1062-04 L24087] 1,6 1.35 — 2.0 173 + 6 
M; — 119 +03 | —2.8+0.2 | 1.1 1.45 — 2.8 166 + 4 
BENT, — 121+0.4 | —3.4+0.3 1.2 1.50 — 3.2 168 + 6 
Feige; |A OE 8 1.55 | —3.6 163 + 8 


(a) Counter arrangement. 

(b) Absorption effect. 

(c) Temperature effect for the average air temperature at the levels 850, 700, 500, 400 and 
300 mb over Payerne. 

(d) Residual variance of the daily values in units of their standard deviation. 

(e) Exponent of the number spectrum. 

(f) Temperature effect (theoretical). 

(g) Absorption length of particles in the shower, derived from (b) and (e). 


The temperature effect is seen to increase strongly with energy. If it is 
a purely geometrical effect the shower rate is expected [8] to vary as a function 
of temperature 7 as 7?” °~°, which yields a temperature effect of(2(y-1)—p)/T\. 
Here y is the exponent of the number spectrum, 6 that of the decoherence 
curve and 7, the mean temperature. We assume $=0.2[9, 10] and 7,=250 °K. 
For y we take the values listed in Table II, which are deduced from the 
measured shower rates. They show a steeper variation than those of Greisen’s 
spectrum. We then find the theoretical temperature coefficients given in the 
table. They are in reasonable agreement with the measured values. We 
conclude that the density effect can be understood as a purely geometrical 
one. The same result is obtained by JANossy [10]. 

The absorption effect also increases with increasing energy, as found 
earlier [11]. The corresponding absorption length A for showers with a fixed 
number of particles is related to the absorption length 4 describing the altitude 
variation of the number of particles within a shower by 4 = yA. With the 
values of y used above we find the Xs listed in the table. The figures are 
compatible with a constant absorption length, as also suggested by CRAN- 


sHAW [12]. 
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Further Measurements on Extensive Air Showers. 


K. GREISEN 


Laboratory of Nuelear Studies, Cornell University - Ithaca, N. Y. 


At Cornell University, near sea level in Ithaca, New York, we began a 
year or so ago to set up a large experiment on extensive air showers, similar 
in many respect to that at M.I.T. 

Unlike the other experiments which are discussed in greater detail at this 
conference, ours has not yet had a significant period of operation and syste- 
matic analysis. Therefore we cannot yet add appreciably to the fine results 
being reported from M.I.T., Culham, Tokyo, Moscow and Sydney. The only 
reason for speaking at all is to satisfy the interest, shared by all workers in 
this field, in knowing the nature and current status of each of the experiments. 

As shower detectors we use 15 plastic scintillators, each 0.85 m? in area 
like those of M.I.T., which we made with the kind help of Dr. Rosst’s group. 
Five of the detectors are near the center of the array at spacings of 3 to 80 m. 
Five others are spaced about the center on a circle of 150 m radius, and the 
remaining five are on a circle of 500m radius. For comparison, the radius 
of the M.I.T. array has been 230 m. 

The other main component of the apparatus is a magnetic meson spectro- 
meter, located near the central counters. The mesons are deflected by a magnet 
weighing 25 tons, dissipating 150 kW, and giving a field of 13 kG over a region 
of length 1.2m, width 0.5m and depth 0.2m. The detectors are heavily 
shielded against electrons. A coarse measurement of deflection is provided 
by Geiger counters 16 mm in diameter, and a fine measurement by banks of 
Conversi-type neon discharge tubes 3mm in diameter. The position error is 
expected to be about 4mm and the maximum measurable momentum about 
300 GeV. The aperture is 25 cm? sr. 
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The scintillators are connected by cables to a central station where a variety 
of discriminators, mixers, and coincidence circuits operate on the pulses. 

When a large shower occurs, a photograph is taken of a bank of 15 oscillo- 
graph tubes upon which all the scintillator pulses are registered. The times 
and the heights of the pulses determine the direction and location of the shower 
axis and the size of the shower as in the M.I.T. experiment. If a meson has 
been recorded simultaneously, this fact and the approximate meson energy 
are registered on the same film by means of neon bulbs. 

Tf a meson is recorded, we do not require the shower to be very large in 
order to trigger the recording system. But if a meson is not recorded, the 
trigger demands a very large shower. 

In addition to the above events which are subjected to a detailed analysis, 
other showers are recorded in a simpler way. Namely, simple 3-fold and 4-fold 
coincidences among scintillators at different spacings define showers of various 
mean sizes. These events are recorded by marks on moving tapes, for the 
purpose of studying time variations and the barometric and temperature effects. 
The smallest of these showers correspond to primary energies around 107° eV 
and are recorded about 10000 per day; the largest refer to energies around 
10 eV and have a rate of 50 per day. With the oscilloscope method we 
examine about 200 showers per day, of which several are found to contain 
more than 108 electrons. 

Furthermore, the scintillators exhibit a fairly good plateau in their back- 
ground counting rate, which represents mainly mesons and soft component 
in approximate equilibrium with the mesons. This plateau permits us to 
monitor the integrated background rates on 3 Esterline Angus recorders, not 
only to check the correct functioning of the apparatus, but also to observe 
solar flares and other cosmic ray variations of short period. The total detector 
area is 13 m? and the background rate is 2250 s-. Therefore we can follow 
even small changes in rate with a short resolving time. 

Tt is obvious from the above description that the purposes of the apparatus 
are multiple, and include observations of solar flares, time variations of extensive 
showers of various sizes, the directional and size distribution of very large 
showers (107+10° particles), the absorption rate of showers as a function 
of size, and the distribution in space and energy of the mesons in the 
showers. 

Thus far, we have accumulated only incidental observations. For instance, 
I believe we are the first to make accurate timing measurements on showers 
over such a broad base, and consequently we find the curvature of the shower 
front quite noticeable. The radius seems to be on the order of 1500 m (agreeing 
with the earlier measurement by BASSI, CLARK and Rossi made on a much 
smaller base). The existence of this curvature means that in applying the 
timing method to determine the direction of the shower axis, neglect of the 
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curvature would lead to large errors whenever the shower is not centrally 
located relative to the counters. o 

It has also been verified that in spite of the small aperture of any magnet 
f spectrometer such as ours, significant numbers of real coincidences between 
} mesons and air showers can be recorded. It is already apparent that the 
energy distribution of the mesons is rather flat, and the size distribution of 
the showers in which mesons are recorded is also not as steep as that of the 
unassociated showers. 
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Air Shower Observation between 5200m and 3260m Altitude (*). 


K. SITTE 


Departments of Physics, Syracuse University - Syracuse, N. Y. 
University of Sao Paulo - Sao Paulo, (+) 


I. L. KOFSKyY 


Department of Physics, Smith College - Northampton, Mass. 


D. L. STIERWALT 


Department of Physics, Syracuse University - Syracuse, N.Y. 


S. LEHRER (*), K. TAUSK and A. WATAGHIN (') 


Department of Physics, University of Sdo Paulo - Sao Paulo. 


1. — Introduction. 


Extensive air showers, the manifestation of the collisions of ultra-energetic 
cosmic ray primaries in the atmosphere, are studied for two main reasons: 
first to determine the frequency and the energy distribution of those primaries, 
and second, to obtain evidence on details concerning the nature of their nuclear 
interactions. Of the two, the former—connected with the astrophysical aspect 
of cosmic ray research—can be carried out, in principle, with relatively simple 
detection apparatus (although of course the scarcity of primaries compels the 
experimenter to complicate his setup by multiplying the number of detectors 


(*) Supported in part by the U.S. Atomic Energy Commission. 

(*) Now at the Department of Physics, Technion - Israel Institute of Technology, 
Haifa, Israel. 

(*) Now at the Physical Laboratories, The University, Manchester. 

(*) Now at the H. H. Wills Physics Laboratory, University of Bristol. 
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used). The second, however, faces the inherent difficulty that the observer 
is dealing with the phenomenon only after many generations of complex cascade 
processes, and that simple apparatus, accordingly, can produce at the best 
ambiguous results. In order to permit the detailed and critical description 
required for an analysis, each observation should register a multitude of facts, 
such as number and energy spectrum, lateral and angular distribution of the 
shower electrons, number, energy, and distribution of penetrating particles. 
In addition, the variation with altitude of all these features should be known. 

In recent years, several ambitious air shower experiments have been carried 
out [1, 2], or have been started [3, 4], which could be described as attempts 
to force advances in this formidable task by attacking it on a broad front, 
both in scale and in techniques. Yet, while considerable progress has been 
achieved especially in our knowledge of the lateral distribution of all shower 
components, a good deal more remains still to be disentangled. In particular, 
very little attention was paid, even in these large-scale experiments, to the 
longitudinal development—the « ageing »—of the showers. All events recorded 
at the level of observation were thrown together, without regard to the spread 
in their points of origin It appeared, therefore, worth while to supplement 
these investigations with another study of extensive showers in which more 
age-sensitive equipment is used. 

The series of experiments reported here is an outgrowth and a continuation 
of earlier work of the Syracuse group (KASNITZ and SITTE [5], and SITTE, 
STIERWALT and Korksy [6], in the following quoted as KS and SSK respect- 
ively). It was carried out between 1952 and 1954 at three mountain stations: 
Echo Lake, Colorado, 3260 m; Mt. Evans, Colorado, 4300 m; and Chacal- 
taya, Bolivia, 5200 m; and though more modest in scope than the investig- 
ations mentioned above, it aims at supplying some of the missing data on 
the development of air showers in the atmosphere. An attempt was made to 
classify the showers, at each altitude, according to their «age», and thus by 
comparing the lateral distributions of showers of different age to obtain evi- 
dence on the longitudinal structure of the cascade. Simultaneously, by com- 
paring the rates of the showers of equal size and age at the various altitudes, 
information about the interaction length of the shower primaries and on the 
attenuation length of the cascade electrons can be collected. 

As it will be explained in more detail later on, the unanticipated results 
of part of the experiment—as well as a number of similar observations of 
other authors published after this work had been started—cast, unfortunately, 
some doubt on the degree of reliability of the assumption on which the age 
classification was based. But although the quantitative precision of our age 
determination is lower than expected, the main conclusions remain valid even 
if our grouping is only in a very crude, almost qualitative, way representative 
of the shower age, and arguments will be presented to substantiate the claim 
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for at least that much confidence in the method used. We believe, therefore, 
that in the following report a survey of the effect of the « ageing » of showers 
of various size on their lateral distribution, of the attenuation of showers clas- 
sified according to age and size, and of the production rate of showers as a 
function of the atmospheric depth, can be given. 


2. — The experimental arrangement. 


21. General description. The triggering system. — Since it was intended to 
include in the present analysis of shower observations the data of the 1952- 
experiment reported in SSK, the apparatus used at the other stations differed 
only slightly from that already described [6], and only its essential features 
will be summarized here. Basically it consists of three parts: unshielded counter 
trays, all of them hodoscoped, to determine the density of the shower electrons; 
a multiple-plate cloud chamber to give evidence of the penetrating particles 

in the shower; and an 


. array of shielded coun- 


ter trays and scintillators 


(a) (b) 0000000000000 M to observe the spectrum 
Zeb of the shower electrons. 

16m a 
la ce However, the cloud cham- 


ber was not operating all 
the time, and consequent- 
ly only the data ob- 
tained with the counter- 
scintillator part of the 
arrangement will be dis- 


0000000000 000000 eil 


7 cooco a ar a a a ar rar rr 


| 00000000 a | Q | 000000000 a Y cussed. 
Fig. 1. - Schematic diagram of the experimental arran- of the arrangement is 
gement. (a) Relative position of the density-recording shown in Fig. 1. The 


hodoscope trays M, A, B, 0, D, and E. (b) The central 
part consisting of tray A, the cloud chamber OO, the è È 
scintillator Sc, and hodoscope trays N, 0, P and Q. teen 1 in. x16 in. coun- 

ters, and the extension 


trays A, B (both of ten 
2 in. x24 in. counters), C (fourteen counters 2 in. x24 in.), and D (sixteen 
counters 2 in. x24 in.), placed at 2m, 4m, and 8m respectively, were also 
used in the SSK experiment. A new tray H of sixteen 2 in. x24 in. counters 
placed at 16 m distance from M was added, and as a further improvement 
over the 1952-run, the M-counters were also fed into the hodoscope circuit. 
The relative position of OC with respect to A and B was likewise changed ; 


central tray M of four- 
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C was now in line with those trays, and the two more distant trays D and £ 
were at right angle to them. ; 

The arrangement was triggered when at least two of the M-counters were 
struck in coincidence with at least one counter each in A and B. In demanding 
a considerably higher electron density at M than at the nearest extension 
trays, the apparatus was biased in favour of events with axes close to M: 
a simple, though not very efficient, core selector. Its performance will be 
discussed below; the condition imposed in the analysis of the SSK-experiment 
that the density everywhere else must not exceed that at the center, was no 
longer enforced. 


2°2. The transition analyser. — The arrangement designe! to analyse thé 
transition effect in lead consisted of a group of four liquid scintillators, each 
8in.x8in.x2in., of the usual Terphenyl solution in Toluene with 80 mg 
Diphenylhexatriene added for higher sensitivity, and the four counter trays 
N, 0, P and Q. N and O held each fourteen 1 in. x16 in. counters, P sixteen 
equal counters, and Q ten counters of 2 in. x24 in. size. A lin. lead plate 
was placed above the scintillator, and 3 in. plates above each of the counter 
trays. Together with tray M, this system permitted thus to follow the trans- 
ition of the shower electrons through 3 in. of lead. 

The pulses of the four scintillators were displayed separately, with suitable 
delays, on the screen of a cathode ray oscilloscope (CRO). Since only the 
average density of the electrons is of interest, a single scintillator would have 
sufficed in principle; the use of four separate ones permitted, however, a lar- 
ger range of measurable densities. The calibration of the scintillator system 
was carried out, as in an earlier experiment [7], by placing the unshielded 
scintillator in the center of a triangular arrangement of larger Geiger counters, 
and triggering the oscilloscope sweep by triple coincidences of these counters. 
Since the density spectrum of air showers is well known, and the small bias 
owing to the different triggering probabilities for showers of various densities 
can be precisely evaluated, the pulse height distribution recorded allows a 
direct co-ordination between the number of particles traversing the scintillator, 
and the sum of the pulse heights on the CRO. This method also permits a 
number of useful cross-checks on the reliability of the apparatus. 

After rigorous screening of the hodoscope records for counters and circuit 
failures, a total of 4371 events registered at Echo Lake, 3054 at Mt. Evans, 
and 4236 at Chacaltaya were accepted for analysis. 


3. — Discussion of the performance. 


31. Analysis of the triggering probabilities. — With only 80 counters in the 
extension trays, the method of attempting precise location of each shower 
axis used in the large-scale experiments [1-4] was deemed inappropriate; it 
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will be shown later that on the average, the position of the shower core 
could be determined with an accuracy of about 4 m. Instead, the statistical ap- 
proach described in KS was preferred. 

Assuming for the moment that the lateral distribution f(r) of the showers 
is known, and that the differential size distribution of the showers can be 
written as 


(3.1) s(N)AN = K-N-°* ay, 


with a constant y ~ 1.5 over the entire range of efficient selection, the rate R 
of showers recorded by the arrangement is 


(co) (co) n? 
(3.2) RSA [y-oman [ar ar ftrwtra: NS) Pt, ANS) BNS) 


0 0 


Here p,(r,, NS) has been written for the probability that tray M, of area S 
and at a distance r,, from the axis, is struck; and similarly the expressions p ,, p E 
for the trays A and B with areas AS and BS (in the present case AS = BS). 
In the following, it will be assumed that the detection efficiencies of the trays 
are unity, and that the other corrections affecting p, like the finite resolving 
time, are likewise negligible. It is easily seen that any errors introduced by 
these simplifications are quite small as long as the method is not applied for 
a computation of absolute counting rates. With these assumptions, Tne Akane 
instance is given by 


(3.3) DAT een ee exp [— NS/f(r,) | 


and similar expressions are obtained for p,, p fa 
It is now useful to consider the auxiliary quantity /(r, NS), defined as the 
triggering probability, due to all showers striking at a distance 7. from the 
central tray M, as a function of the number N of electrons in the shower: 
n/2 
(3.4) Lig, N SV = |v uu, NS)}-p,(r,, ANS)-p,(7,, BNB)- dé. 
0 


From it, one computes two important functions: 


a) By integrating over N, the contribution P(r) to the recorded events 
from showers of all sizes as a function of the distance r of their axis from the 
center of the arrangement is obtained: 

(3.5) PETE [ameno NS)dN 


0 
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b) By integrating over r, the contributions F(N) from showers of various 
particle numbers striking at all distances r is found: 
@ 
(3.6) P(N) = 2nKN-0+0 [to N8)dr. 
0 
For the Chacaltaya run, the results of calculations carried out with the use 
of the Bethe distribution [8] f(r) as structure function: 


la 


(3.7) f(r) = = (1 + 4r)-exp [— 4r8] 


n 


~ 


are shown in the curves of Fig. 2 and Fig. 3. From the latter it is seen that 
at this altitude, the average particle number <N> is about 7 .5-104, corres- 
ponding to a primary energy of the order 10!5 eV. The efficiency of the 
«core selection» is demonstrated by P(r) in Fig. 2: about 50% of 
all showers strike inside a radius r = 0.057, (r is the Molière shower 

radius, about 150m at Chacaltaya). 


N=7.5x104 


Fig. 2. — The relative contribution P(r) 
of showers of all particle numbers with 
axes incident at a distance r from the 
center of the arrangement. The smooth 
curve is calculated with the Bethe dis- 
tribution (3.7) as structure function, 
the crosses are the experimental points 
(Chacaltaya run, all shower’*ages). 


Fig. 3. — The relative contribution 
F(N) of showers containing MN elec- 
trons striking at all distances from 
the center. The smooth curve is cal- 
culated with the use of the Bethe 
distribution (3.7) as structure function, 
the crosses are the experimental data 
(Chacaltaya run, all shower ages). 


Returning now to the task of locating the individual shower cores, it is 
easy to see that in about one-half of all cases it could be solved with good 
accuracy, while in the other half the position was much less precisely known. 
On the average, an uncertainty of about 4m must be accepted, and th's was 
considered too much for satisfactory analysis of the individual showers. Only 
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after the structure function was determined from a statistical analysis des- 
cribed in the next section, the « experimental » distributions shown as circles 
in Fig. 2 and 3 could be obtained. The agreement, however, is quite reasonable 
and thus confirms the reliability of the basic assumptions made. 


3:2. Discussion of the transition analysis. — As in SSK, the central arran- 
-gement was used for the classification of the recorded events with regard to 
their average age. Cascade theory predicts for the differential energy spectrum 
of shower electrons an inverse power law with an exponent (1-s), where s 
is the age parameter of the shower. Since comparatively small changes in s 
will effect in a quite considerable measure the number of very energetic electrons 
in the shower, the transition effect in lead can be used to distinguish « old » 
from « young» showers. They will differ both in the position of the cascade 
maximum, and in the height of the maximum. As it has been pointed out 
in SSK, the method can scarcely be expected to become useful for an absolute 
determination of the age parameter s, in particular since the uncertainties of 
the low-energy end of the spectrum—the region between the critical energy 
in lead and that in air—alone would prevent an exact evaluation of the trans- 
ition effect for a given s. Moreover, the observed effect will depend on the 
distance of the shower axis from the analysing set, and this distance may, 
on the average, not be precisely the same for « old » and for « young » showers, 
However, although these arguments prove that this method may not lead to 
an absolute determination of the shower age, its validity as a guide for clas- 
sification of the events in groups characterized by equal average age can cert- 
ainly be claimed, and this is all that is required for our present purpose. It will 
be shown later on that this claim is 

borne out by the consistency of the 


Nel results of this experiment. 
For the present analysis, new 
20 calculations have been used, based 
i da mainly on the data of IVANENKO 
i [9]. It was decided, after inspect- 
ion of the experimental data, to 
: s=11 restrict the classification to three 
groups: « old » showers with an ap- 
parent age parameter, as deduced 
o po, AR from the spectrum, of s > 1.3; 
8 12 «medium» showers with 0.9 < 
Fig. 4. — Calculated transition effect in lead “i RA To : SIE 
for an incident power spectrum of the form with s<0.9. The theoretical trans- 
s(E)dE = dE/(E+E,)!+3, for three values of | ition curves for the three age 
the age parameter s: 0.9, 1.1 and 1.4. groups are shown in Fig. 4. 
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An age parameter was now assigned to each individual shower, by fitting 
to the corresponding transition thicknesses ¢ of Fig. 4, the observed densities 
at four depths: at tray M, in the scintillator, the average densities at trays N 
and O, and the average densities at P and @ (restricting the analysis to four 
thicknesses in order to improve the statistics). This procedure was of course 
not entirely free of arbitrariness and quite large fluctuations were encountered 
in a few cases, but in general there was not much ambiguity in the choice. 
No attempt was made to correct for the zenith angle effect in each individual 
case, and only the average thicknesses were computed according to a cos" 0 
law for the distribution, and choosing n = 6, 5.5, and 5 respectively at the 
three stations. 

A complete survey of the number of showers recorded in each age group, 
and for the three largest size groups (two, three, and four or more, M-counters 
struck) is given in Table I. 


TABLE I. — Number of events recorded at the three stations, growped according to their average : 
age, and according to the densities of the center tray M. 


ee | No. of è | « young » «medium » «old » All 
Stations | M-counters showers showers | showers | showers 
struck | | 
2 687 995 669 2351 
apes 3 432 514 331 1277 
>4 | 242 303 198 743 
Total AT SbT | 1812 1198 4371 
2 515 674. | 429 1618 
3 270 | 358 263 891 
Mt. Evans = 
>4 | 191 295 129 545 
Total | 976 icv. i 821 3054 
=| | | a 
2 | 746 919" | 684 2 349 
3 431 | 455 | 304 1190 
Chacaltaya | 
4 235 293 | 169. | 697 
Meri L412 1667 1157, | 4236 


x Cte 
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4. — Results. 


41. The lateral distribution. — To determine the lateral distribution of the 
showers, the method used in KS was adapted to the new experiment. As a 
first step, the differential density distribution h(A) expected at each of the 
hodoscope trays M, A, B, C, Q and H can be computed with the help of the 
triggering probabilities I(r, NS) defined in (3.4): 


oO 27 


(4.1) WAY =A | [trompe Alf(r)) dr dé , 


where 7” stands for the distance between the shower axis and the hodoscope 
tray. Choosing again for f(r) the Bethe distribution (3.7), one obtains, for 
instance, for the Echo Lake run the curves shown in Fig. 5. The actual density 
distributions observed in the experiment are marked as crosses and circles 
in the graph: evidently a poor fit for all but the most distant trays. 

A correction was, therefore, applied to the lateral distribution (since it is 
well known that h(4) is much more sensitive to variations of this function, 
than to those of the number distribution). Denoting the true lateral structure 
function by (7), we assume 


(4.2) Ui) ee: By es a br 


with a small e, so that the corrected distribution h’(A) becomes 
(4.3) W(A) = 447 | | r°{{()}I(r, Alf(r)) ar a6 , 


since the effect of the correction on J is small and can be neglected. The quantity 
ey can then be cho- 
sen so as to give the 
optimum fit of the 
° Center calculated h’(A) to 
the experimental 
points. 


Fig. 5.— The differen- 
tial density distribu- 
tion h(A) at the hodo- 
scope trays. (a): trays 
M, C, and E (0.4 and 16 m distance from the center); (b): trays A+ B, and D (2m 
and 8m distance). The smooth curves show the distributions calculated with the 
Bethe distribution (3.7), the circles and crosses the experimental data (Echo Lake run). 
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However, in the present experiment it cannot be expected that a single & 
would serve to describe sufficiently the entire range of distances r: the lateral 
distribution, it is known, is flatter in the core region than outside. Now we 
learn from the graphs of Fig. 2 that only few of the showers strike at large 
distances; thus, in particular, the distributions found at trays D and £ are 
essentially representative of the structure function outside the core region 
(of perhaps 2 to 3m radius)—with the possible exception of the points for 
the highest particle densities. On the other hand, the distributions at trays M ; 
A and B are essentially determined by the core structure function, except for 
the region of the very lowest densities. It is, therefore, possible first to de- 
termine the large-distance correction €, from the results found at trays D 
and H, and then to construct a combined structure function with a different 
small-distance correction ¢,, with a smooth transition to the outside distri- 
bution. In carrying out this computation, a remarkable feature was found: 
First attempts to represent the data at all stations by a structure function with 
a correction extending to equal distances expressed in shower units 7) were not 
successful; a much better agreement could be achieved when the corrections 
were applied to equal distances expressed in meters. As an example, the expe- 
rimental data observed at the 2 m-trays at Chacaltaya are reproduced in Fig. 6, 
together with the distributions calculated with the Bethe function, and with 
corrections up to r/r < 0.03, and r < 3m. 

In summarizing the results, classified according to the shower age, we make 
use of the fact that at least over the range of 
distances involved, the Bethe distribution can 
be approximated by a 1/r-law. Writing, there- 
fore, the true lateral structure function g(r) 
in the form 


Bethe distr. 
—-—-corrected for r<3m 


---- corrected for r/ry <0.03 


(4.4) Pit) eas Fe 


we give in Table II the values of n computed 
from the observed frequencies h'(A). 

The data suggest two conclusions: Firstly, 
that there is a slight but systematic difference 


between the distributions of old and of young 
showers—each of those groups giving consis- 
tent results at all altitudes —and this both 
for the core region and for larger distances 
from the axis. Secondly, the differences in 
the exponents are in both regions considerably 
smaller than what one might expect from the va- 
riation in age as determined from the spectrum. 


45 - Supplemento al Nuovo Cimento. 


Fig. 6. — The differential densi- 
ty distribution for the 2 m-trays 
at Chacaltaya. The full line 
shows the results calculated 
with the Bethe distribution 
(3.7), the broken lines are com- 


puted with the corrected core 


distribution up to 3m, or up 
toy: af 0.03. 


i 
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Taste II. — Haxponents n of the lateral distribution function p = B-r", near the core and 
at larger distances, for the three age groups and at the three stations. 

| « young » «medium » «old » 
2 Average 
showers showers showers 2 | 
Station ts | li 
| | | 
SD || GP ee Ie a) | Fe Tes aah | Ye > bm }rT gs mr 39m ho 3 IN oy 
\Echo Lake|0.92--.04 1.04+.03/0.86+.02|0.96-4.020.86-+.03/0.95-+.030.87-.03 0.97 +.02 
| | if I | Al 
Mt. Evans|0.94-+.04/1.10-++.04 0.84+.04/1.01-+.03)0.84 + .04 0.98-+.04.0.86+.03)1.02+.03) 
| | | 
| | | | | 
Chacaltaya|0.93+.04|1.02-+.04 0.87-+.04|1.04+.03 0.85+.04/0.94+.040.88+.03|1.02+.03| 
| 
Average |0.93+.03 1.05+.03/0.86.02|1.00+.02..085-+.03/0.96+.03 
492. Interaction and attenuation mean free paths. — The radial distributions 


thus obtained can first be used to compute, for each individual event, the 
most likely total number of particles contained in the shower. This result 
has been checked against the calculated frequency distributions P(r) and F(N) 
(Fig. 2 and 3). As it was stated above, in view of the fact that the compu- 
tations had been done with the Bethe distribution (3.7) instead of the correct 
function (4.4), the agreement is quite satisfactory. 

A further analysis of the frequency distribution permits conclusions con- 
cerning the attenuation process of the cascade, and about the interaction mean 
free path of the shower primaries. To introduce this analysis, the recorded 
rates in the various age and size groups will be summarized in Table III. 

It is now possible to assign to each of these groups, the corresponding 
average number of shower electrons, and thus to derive a frequency-vs.-number 
distribution for showers of the three age groups at each of the stations. The 
results are shown in Fig. 6 a) to 6d). These data can now be further analyzed 
in three ways. 


(i) Postulating, as usual, for the distribution law the form 


(4.5) 


one can determine the value of the exponents y’ for each group. The results, 
given in Table IV, are not particularly revealing because of the insufficient 
accuracy of the values—not surprising since the experiment was not designed 
for this purpose. They are quoted here only for the sake of completeness. 


(ii) The attenuation process can be studied in two manners. First, 
writing as usual for the frequency H(A, t) of showers of a given density A (in 


ign TT Mi * 
$ 4 
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TabLe IIT. — The recorded rates of showers for the three age categories, and for the three 


largest density groups, at the three stations. 


| No. of 
| AF canner: « young » «medium » «old » All 
| Lastra showers | showers showers showers 
2 0.213 + .006 | 0.284 + .006 | 0.188 + .004 | 0.685 + .009 
| Echo Lake | 3 0.106 + .004 | 0.128 + .005 | 0.084 + .003 0.318 + .007 | 
>4 0.038 + .02 0.048 + .002 | 0.031 + .002 | 0.117 + .004 | 
2 | 0.416 + .014 | 0.536 + .013 | 0.351 + .010 | 1.303 + .025 
| Mt. Evans | 3 0.197 + .008 | 0.249 + .009 | 0.167 + .007 | 0.613 + .020 
| >4 0.082 + .005 | 0.096 + .005 | 0.055 + .004 | 0.233 + .015 
2 0.736 + .013 | 0.869 + .015 | 0.602 + .012 | 2.207 + .025 
| Chacaltaya 3 0.347 + .009 | 0.390 + .010 | 0.247 + .009 | 0.984 + .016 | 
=> 4 | 0.122 + .005 | 0.153 + .006 | 0.088 + .005 | 0.363 + .010 | 


TABLE IV. — Values of the exponents y' of the number distribution, H(N) =k-N-” of 
shower particles at the three stations, and in the three age groups. 


sun « young » | «medium » « old » « Average » 
Echo Lake | 1.50 + .05 1.45 + .03 1.40 + .04 1.45 + .03 
Mt. Evans | 150+.06 | 1.50 +.04 1.45 + .05 1.48 + .04 
Chacaltaya 1.60 n .05 1.50 4 .05 1.50 + .06 1.52 + .04 


particles m-?) at depth t an expression, 


(4.6) 


H(A, i) = K(t}-A° 


and assuming an exponential altitude variation of A(t), a direct comparison 
of the rates of events—recorded with equal geometry, and hence sensitive to 
the same densities A-—permits the determination of the « density attenuation 


length » A, defined as 


(4.7) 


1/A,=— (In K)/at. 


+ / : “ i . LÌ » 
. ti a — td > be ad Pa 
% Ù x i a "a ‘ Ù ane ~ =e a a 
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TABLE V. — Attenuation mean free path A, = — O[In H(N)]/ot, at fixed counter geometry , 
between Echo Lake and Chacaltaya. 


| Shower age | 


‘Altitude | «young» | «medium» | « old » Average 
| (g/em?) | | 
692 to 600 (184 awk lf 130 Go alate 138 + 5 
Pa = = = : = 
600 to 537 | 15K 412 | 14349 138 + 11 145 +7 


Table V shows the results, proving that the variation of the attenuation length 
is small in the lower half of the atmosphere, though perhaps indicating a 
somewhat larger mean free path for the younger showers—as it is expected. 
They are also, on the whole, in accordance with earlier observations as dis- 
cussed by GREISEN [10]. If (4.6) is translated into an attenuation of the 
number N of shower particles, 


(4.8) H(N,t) =J(t)-N oe 
then the «number attenuation length » A,, defined similarly as in (4.7), 


(4.9) 1jA, =— O(n Jet, 


N Po 


which is related to A, by Ay=y4y; has values close to 200 g/em?. 

In a second procedure, however, one can ask for the attenuation of the 
particle numbers in showers of equal frequency, a definition similar to tha. 
used in describing the attenuation of particle fluxes. Since the slope y of the 
logarithmical frequency-vs.-numbers curves of Fig. 7 is very nearly equal 
throughout, the attenuation mean free path thus defined under the assumption 
of an exponential altitude variation, 


(4.11) A, =— O(n N)/at , 


gives a consistent value A, 125 g/em?. Its significance will be discussed 
below. 


(iii) Finally, a comparison of the variation with altitude of the rate of 
showers of equal size and age, permits a determination of the interaction mean 
free path of the shower primaries. Evidently, showers of well-defined particle 
number, when observed at equal stages of cascade development, must have 
been initiated by primaries of the same energy, and must have descended 
through an identical amount of matter. Their rate will, therefore, vary with 
altitude as the rate of the primaries does with the depth in the upper layers 
of the atmosphere. Obviously, however, it is the interaction and not the atten- 
wation mean free path of the shower primaries that will be measured by 
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this method, since the first collision initiates the shower, and all possible sub- 
sequent interactions of the primary will simply be part of the nucleonic cascade 
associated with it. 


10° 10° 105 


10 


Fig. 7. — Frequency H(N) of showers containing N or more particles, plotted against N. 
(a) «young » showers; (6) «medium » showers; (¢) « old » showers; (d) all shower ages. 
Open circles: Echo lake data; crosses: Mt. Evans data; full circles; Chacaltaya data. 


Again, it follows from the parallelity of the graphs in Fig. 7 that the inter- 
action mean free path Z has a well-defined values. Taking an average over 
all age groups and at various particle numbers, one obtains as the most prob- 
able result, 

A= (87 £7) g/em?. 


It should perhaps be stressed that the uncertainty of this figure, resulting 
from the statistical errors of the counting rates and the uncertainty in the 
particle numbers, would not be affected by systematic errors in the absolute 
values of N. Only a distortion of the differences between the particle numbers 
evaluated at the three stations would lead to a serious fault in the determi- 


nation of }. 


5. — Discussion of the results. 


Most of the results reported, and of their interpretation, stand and fall 
with the reliability of the age classification used; it is, therefore, appropriate 
to look again at this procedure. Its possible weaknesses have already been 
emphasized; now we have assembled sufficient material to point out its positive 
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achievements, too. The very consistency of the data can be quoted as strong 
evidence in favour of its reliability. Wherever we could expect systematic 
trends of the observed quantities with the shower age, we find that our groups 
consistently yield the «right » results: in the lateral distribution near and far 
from the core, in the variation of y, in the attenuation processes. Thus, we 
are led to the conclusion that although the numerical values of the age para- 
meters assigned to the groups in accordance with their electron spectrum near 
the core, may not be precisely the correct data (as far as any definition of a 
single age parameter for an extensive air shower makes sense at all), never- 
theless the age groups are properly defined, and represent at all stations a 
collection of events of equal average « history ». 

Let us now briefly discuss the implications of the results reported above. 
Turning first to the lateral distribution, we note, in confirmation of earlier 
results [5, 6] and in agreement with some other more recent studies Pegs hl 
that the flattening in the core region as well as the variation of the outside 
structure function with the shower age—whether it is taken from the trans- 
ition data or from the altitude variation—does not differ greatly for all the 
showers observed. It is certainly much less pronounced than the variation 
predicted in the calculations of NisHmurRA and KAMATA [12]. This fact, of 
course, is just a reflection of the interplay of the many generations of mixed 
cascades which continuously «rejuvenate » the shower. 

In the same vein, the lack of spread of the core region with decreasing 
air density must be re-emphasized. It, too, is naturally explained as the 
result of the predominant influence of the nuclear component on the core 
structure: the spread of this component is not determined by scattering like 
that of the electrons, but by the angular distribution of the secondaries emerging 
from high-energy nuclear interactions, and hence not dependent on the density 
of the atmosphere. But the mere fact that even down into the lower half of 
of the atmosphere, the nucleons still retain this high concentration of energy 
in the core region, demonstrates two features: firstly, the comparatively low 
degree of inelasticity in high-energy interactions, and secondly, the compa- 
ratively strong forward «peaking » of the secondaries. But it would still be 
premature to expect accurate results from the quantitative discussion of these 
points; we shall, therefore, not carry this argument any further. 

In the interpretation of the attenuation results, attention should be drawn 
to the value of the «number attenuation length » A, = 125 g/cm?. Its agree- 
ment with the attenuation mean free path for the nucleonic primaries of local 
penetrating showers (e.g. TINLOT [13]), the validity of which for interactions 
up to very much higher energies has recently been shown (e.g. KAPLON et 
al. [14], Srrrm et al. [15]), is surely not fortuitous. Rather, it must be under- 
stood as yet another proof for the continued effect of the nucleonie cascade 
regenerating in its descent the electron cascade. 
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Finally, the importance of a determination of the interaction mean free 
path of the shower primaries is self-evident. The value quoted above, 
y = (87 +7) g/em2, is in quite satisfactory agreement with that expected for 
proton primaries, but sharply inconsistent with that of heavy nuclei. It might 
be pointed out that as a result of the difference by a factor of three to five bet- 
ween the interaction lengths of the two possible primary components (depending 
on the atomic number of the heavy nuclei), the attenuation between Chacaltaya 
and Echo Lake would differ quite radically: if in the energy region concerned 
heavy primaries would predominate, the comparable rates at Echo Lake should 
be smaller by a factor of the order 100 to 1000 than those recorded. The dis- 
crepancy seems much too large to be explained away in any plausible manner, 
and the conclusion appears inescapable that protons are in fact the primaries 
initiating the air showers registered in this experiment. However, in view 
of the very great importance of this question, and since some doubt may still 
remain as to the reliability of the age classification, it would be highly desirable 
to repeat an experiment of this kind, perhaps with a better age selection based 
on another criterion. 
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1. — Introduction. 


The investigation of the intensity variation of extensive cosmic ray air 
showers has lately gained interest from a new point of view. It is hoped that 
by its investigation some light may be thrown on the origin of cosmic ray 
particles of the highest energies. However, the intensity variations of exten- 
sive air showers are to a great extent due to causes other than the intensity 
variations of the primary radiation, i.e. to changes in the atmospheric con- 
ditions. The accurate knowledge of shower intensity variations arising from 
atmospheric causes is therefore an indispensable first step in any further in- 
vestigation and inference from results obtained. 

Among the atmospheric effects it is the barometer effect which has been 
known longest and which has been investigated most. Several authors using 
apparatuses of different sizes and base lengths have measured the effect and 
found for the barometer coefficient in rather good agreement values about 
— 10%, per mmHg [1]. EULER was the first who called attention to another 
atmospheric effect, namely the intensity variations caused by changes in the 
density (i.e. temperature, supposing the pressure to be constant) of the air [2]. 
The mechanism of this effect was discussed in detail by J. DAUDIN [3], and 
measurements of it were carried out by A. DAUDIN and J. DAUDIN [4] and 
Hopson [5]. The temperature coefficient according to the measurements of 
Daudin lies between — 0.7 and — 2.5 per °C, depending on the base length 
and also on the season. For a base length of 80 m DAUDIN even found a posi- 
tive temperature coefficient. Hopson found for the temperature coefficient 
the value (—3.8 +1.1%,) per °C. Thus the temperature coefficient is not yet 
known with sufficient accuracy and further measurements were indicated so 
as to reduce the statistical error. 
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Higher accuracy is desirable also in order to check experimentally the 
formula for the temperature coefficient deduced theoretically by DAUDIN: 


(1) | ACiC=—Cy= 2 HAT 


Here AC/C means the relative variation of the shower rate caused by the 
relative change in the absolute temperature A7/7T, y the exponent of the 
shower density spectrum and f the exponent of the decoherence function, 
i.e. of the function 


C/C i (1/0)? ? 


where J denotes the side length of the square in the corners of which are 
placed the measuring surfaces. In order to check (1) experimentally it is im- 
portant to measure the values 8, y and the temperature coefficient with the 
same apparatus, since £ strongly and to a lesser extent also y depend on the 
geometry of the measuring apparatus. 

Registrations of extensive air showers have been carried out in our labo- 
ratory since August 1953. Preliminary results concerning the temperature 
effect were already published ([6] and [7]). The entire material obtained 
throughout three years will be presented in this paper. 


2. Experimental arrangement. Control measurements. 


21. The measurements were carried out at 410 m a.s.l. in a wooden 
hut the roof of which was about 8 gem thick. The counters used by us 
were of the all-metal type, filled with the usual mixture of argon-alcohol (for 
a more detailed account of these counters see [8]). The efficiency of each counter 
was measured before use according to the method of JANossy and Kiss [9], 
respectively by the improved method of FENyvEs [10]. Only counters having 
an efficiency higher than 99.8°% were used. 

Four counter batteries were placed in the corners of a rectangle and con- 
nected in coincidence. Each battery consisted of ten identical counters, 
each of these having a sensitive area of 320 cm?. In the first stage of the 
measurement all counters in a battery were connected directly in parallel, 
afterwards, in order to reduce the dead time only some of the anode wires 
were connected, the pulses from 1, 2, 2 and 5 connected counters being mied 
by diodes. This arrangement is shown in the block diagram of Fig. 1. 

The pulses of the counters were uniformized by a shaping circuit con- 
sisting of a univibrator, a differentiating amplifier and a cathode follower [11]. 


dA 
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N ù € Si . - Ù ¢ ~ ‘ . 
The rectangular output pulse had a length of (2.5 + 0.2) ps and this deter- 
mined the resolving time of the Rossi coincidence circuit used. The base sur- 
face covered an area 9mx10m 


and 10mx10m, respectively in 10 00m 
GM counters ; 


the later measurements. In order 
to determine the decoherence 
function observations were ma- 
de also with base surfaces of 
he a Shaping 
3.3m X3.3mand 1.2mX1.2m,res- circuits 
pectively. During the last period 

(see remarks in Table I) the 

counter batteries were placed on — ||| {leases SÙ 
a lead base 5 cm thick and sur- inmiiiall 
rounded by a lead wall 7.5 cm 
thick, while at other times neither 
lead base nor lead wall was being 
used. For the determination of 
the temperature effect only such 


90m 


GM counters 


10.00 m 


measurements were taken into 


Fig. 1. - Experimental arrangement. 


. . F . . 
consideration jwhich were carried 
out without absorber above the 
counters, apart from the 1.5mm thick aluminium box containing them. 


2°2. — Besides the systematic control of the apparatus by oscilloscope the 
following strict method was used in order to check the stability of the apparatus. 

The counter batteries were placed above each other for an hour each second 
day, always in just the same geometrical position and the number of fourfold 
coincidences, i.e. the flux of the ionizing component of the total cosmic radia- 
tion in the solid angle subtended by the apparatus was measured during this time. 

The rate of fourfold coincidences in this position was about 63000 h™, 
therefore the standard error of a measurement lasting one hour equals 0.4%. 
If the apparatus functions properly the differences in the daily registrations 
— after barometer—and temperature corrections—should not exceed the stan- 
dard error to any significant extent. 

The method is extremely sensitive to any failure of the apparatus. Con- 
tinuous discharge or failure of even a single counter out of the forty making 
up the whole arrangement reduces the rate of the fourfold coincidences by 
(8 +10) %, ie. (20 —25) times the standard error. Only those data were used in the 
course of the analysis of the shower registrations where the preceding as well 
as the subsequent registration of the total radiation showed normal results. 

These control measurements enabled us to determine the absorption co- 
efficient and the isobar-height coefficient of the total radiation. On the basis 
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of 17-10% observed coincidences we obtained for the absorption coefficient the 
ralue (— 1.76 | 0.07) %, per mmHg and for the isobar-height coefficient (— 7.3 + 


+ 0.2) % per km (the correlation was calculated for the height of the 500 mb 


level). 


3. — Analysis of data. Results. 


3'1.- The temperature data were taken from the balloon soundings of the 
National Institute of Meteorology, which were carried out twice daily at the 
observatory at Pestlérinc, lying to the south-east at a distance of 20 km from 
the place of the shower registrations. The mean temperature of the atmo- 
spheric level showing a barometric pressure by 100 mb less than that of the 
level of observation was calculated for each time interval of the registrations. 
The subtraction of the 100 mb = 2.5 cascade units is based upon the consi- 
deration that the lateral spread of the showers is largely due to electrons and 
photons which are scattered away from the axis at a height of a few cascade 
units above the level of observation [12]. 

The solution of the equation of regression taking as independent variables 
the pressure p at the level of observation and the temperature 7 mentioned 
above, as well as other pertinent results are shown in Table I. Only such 
registrations were grouped into one and the same set of measurements in the 
course of which no modification of the apparatus was made. The calculations 
were carried out separately for each set of measurements, consequently se- 
parate barometer and temperature coefficients were computed from each set. 
The modifications of the apparatus, such as reduction of the dead time, variation 
of the base length from 1m to 10m or application of a lead base, do not 
appreciably influence either the barometer or the temperature coefficient. The 
coefficients calculated from the different sets agree within the limits of the 
threefold statistical error, this justifying computing the mean values of the 
corresponding coefficients calculated from different sets. The mean values 
were calculated using individual values weighted corresponding to their sta- 
tistical errors and are shown in the last column of Table I. 


62. — The method used for the calculation of the statistical errors was that 
outlined by JANossy and ROCHESTER [13] for simple correlation. This method 
takes into consideration that the changes in the atmospheric pressure and 
temperature are not of stochastical character, but represent real changes in 
the mass and density of an absorber. The measuring error of these quantities 
can be neglected in comparison with the stochastical fluctuation of the in- 
tensity values. If we have two independent variables in the equation of re- 
gression (e.g. in our case the barometric pressure p and the temperature ry 
the statistical errors of the regression and correlation coefficients and related 
quantities are as follows (for further details see [14]): 
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a) Partial regression coefficient of the barometric pressure b,. Denoting 


its statistical error by 5b, we get 
(2a) Sb,=[#/(1—r},) X tpi — PI}, 


where n = DN ‘| >, tes N; being the observed number of events during the 
period t,; p; is the mean value of the barometric pressure during this period, 
p=dtp:;/Y.t; and r,, is the simple correlation coefficient between the ob- 
served pressure and temperature data. 

An analogous formula holds for the partial regression coefficients of the 


temperature. 


b) Partial correlation coefficient of the barometric pressure (7,,,). Its 


statistical error is 
(2b) ote PL rin) Dti(ni— n)?}*, 


where n,= N,/t; and r,, is the simple correlation coefficient between the ob- 
served intensity and the temperature. 

An analogous formula holds for the partial correlation coefficient of the 
temperature. 


c) Total correlation coefficient (r,,,). Its statistical error is 
(2c) ype = (WL — rino/Ytilm— n}. 


d) Residual dispersion, that is (1—7r,,) > t.(n:—”)?/(k —1) = K%,,, 
where % is the number of observations. The statistical error of K? 


min 


(2d) SK: = 2[0 — Phyo) Yum 1)2/(k — 1)n|?. 


e) Amplitude of the relative residual systematic variations in percents, 
that is 


agit \ 4 
o fini esa min ar 
(3) D Al a i) î 


Its statistical error (neglecting that of Y N; and 7) is 
(2e) — SA = (1/AYN)[(- EM. 

3°3. — In order to check the validity of the formula (1) we carried out 
measurements so as to determine y and f. 


y was measured by the method of the variation of the surface [15]. On 
the basis of measurements carried out simultaneously with four different sur- 
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faces ranging from 320 em? to 3200 cm? we obtain [7, 16] 
(4) y = 1.421 + 0.009. 
So as to determine the value of f the distance between the counter bat- 


teries was varied. Measurements were carried out with base surfaces of area 
1.2mx1.2m, 3.3 mx3.3 m and 9mX10 m, respectively, resulting in 


(5) B= 0.20 +0.01. 


~ 


4. — Discussion. 


41. The temperature coefficient shown in Table I (B,= (— 2.33 + 0.24) %, 
per °C) has a smaller statistical error than the values reported hitherto. It 
agrees within the limit of one and a half times the standard error with the 
data of Hopson (B,= (— 3.8 +1.1)%, per °C) and completely agrees with the 
value calculated on the basis of (1). Namely, introducing (4) and (5), i.e. the 
values of y and f# measured with one and the same apparatus as the tempe- 
rature coefficient, into equation (1), we get B,= (— 2.32 + 0.08) %, per °C. 
The temperature 7 figuring in (1), i.e. the temperature of the atmospheric 
level considered averaged over the total time of measurement was 275.8 °K). 


42. — Thus our measurements confirm the statement that the observed 
rates of extensive air showers have to be corrected for the temperature varia- 
tions of the atmosphere. Further systematic variations of the shower rate 
cannot be deduced from our measurements since the residual dispersion does 
not differ essentially from the dispersion according to the Poisson law. Ne- 
vertheless, attributing the residual dispersion in the cases in which this exceeds 
the Poisson value to systematic variation, the relative amplitude A of such 
a variation can be calculated by means of (3) (see [17]). The values of A 
shown in Table I were computed in this way, the mean value of A as well 
being computed by means of (3) from the mean value of the residual dispersions. 

The agreement of the residual dispersion with the Poisson dispersion shows 
that the apparatus was satisfactorily stable throughout the whole time of 
observation. Moreover the registration of the intensity of the total radiation 
yields a better check on the stability of the apparatus than the statistical 
calculation based on the registrations of extensive air showers, because of the 
higher rates and smaller statistical fluctuations of these registrations. In these 
measurements also no instability of the apparatus showed itself. At any rate 
the systematic variations caused by the apparatus were smaller—even through- 
out several years—than a few per mille. 


, 4 
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473. — For the sake of simplicity we have so far supposed that the total 
lateral spread of the showers stems from a thin atmospheric layer, namely 
from that of pressure p — 100 mb, p meaning the barometric pressure at the 
level of observation. In connection with this assumption the problem arises 
which is the isobaric layer which influences the shower intensity to the greatest 
extent, i.e. in which manner the strength of the correlation between shower 
intensity and temperature of the layer of pressure p — po depends on p. The 
‘results of our calculations in this respect are shown in Table II. Similar cal- 
culations were made also by DAUDIN [18], his results (in particular the mean 
values of the data of Table I in [18]) weighted corresponding to the length 
of time of measurements, are also shown in Table IT. 


Taste Ii. — Partial correlation coefficients of temperature dependence. 


| Aug. 21, 1953- May 5,1954- June 15, 1954- Mean Data from Daudin, 
Apr. 5,1954 |-June 12,1954 |-Sept. 2, 1954 | values measurements | 

p=970 mb 1479h | 569 h 499 h || 2547h P =720mb 4320 h 

Po | Po 

17 os | E 0.42 +0.07 Le 0.12 40.15 dai 0.22+0.22 | — 0.36+0.06 0 mb pa (MIRO 
50 oh | — 0.44 +0.07 c - 0.17+0.15 | 0.29 +0.23 | — 0.38 +0.06 | | 20 mb | — 0.19 
100 mb | A 0.44 +0.07 | 0.24 +0.15 I 0.19 40.23 | 0.39 +0.06 | 220 mb — 0.28 | 
‘250 mb | pi 0.43 4.0.07 | — 0.28-£0.15 |— 0.07 £0.32 | 0.39 40.06 | | 420 LA — 0.41 | 
500 mb jane +0.07 | — 0.27+0.15 a 0.34 4.0.22 | — 0.42-40.06 | | 520 mb A 0.11 | 
a a | ais = Sead le | 
| | | 620 mb | —0.10 | 


As can be seen from Table II, on the basis of our measurements no dif- 
ference can be established in the role of the different isobaric layers. Unfor- 
tunately, DAUDIN does not give statistical errors, so that no definite conclusion 
can be drawn from his data. 

It is very difficult to select the atmospheric layer which has the strongest 
influence upon the shower intensity, since there is a strong correlation between 
the temperature variations of the different atmospheric layers. The changes 
of the temperature of the different layers take place very often in the same 
direction, moreover they obey mostly a certain regularity. Obviously, on the 
basis of such temperature variations differences in the strength of correlation 
of the temperature of different atmospheric levels and the shower intensity 
cannot be established. However, if the measurements last long enough a suf- 
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ficient number of such events may occur, in which the temperature changes 
of some layers are of a nature different from the temperature changes of the 
remaining layers (e.g. by inrush of new air volumes in a thin layer), thus 
i making possible to establish any difference in the role of the different layers. 
It is clear that the exact procedure would consist in taking into conside- 
ration with adequate weights the temperature changes of all layers, that is 
the correlation between the shower intensity and the properly weighted mean 
temperature of the whole atmosphere ought to be calculated. Unfortunately, 
this method of calculation is of no practical value as the observed data are 
generally insufficient to establish any difference in the role of the different 
atmospheric levels. 
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PART V, 


Interactions of Cosmic Radiation. 


Nucleon-Nucleon Interactions at Energies 
Greater than 10! eV (*). 


MARCEL SCHEIN and D. M. HASKIN 


Enrico Fermi Institute for Nuclear Studies 
Department of Physics of the University of Chicago - Chicago, IU. 


An emulsion stack consisting of 100 sheets of 600 um Ilford G-5, 15 em x 
x30 cm, and flown for 8 hr at 104000 feet on a Skyhook balloon flight over 
Texas (A = 41° N.), has been scanned for high energy events. Two events 
seemed particularly suitable for analysis. Event 1, shown in Fig. 1, is pro- 


Fig. 1. — Projection drawing of Event 1. The event has an inclination of 1°.2 to the 
plane of the emulsion and a secondary length of 16 em. 


duced by a primary proton. Twenty minimum ionizing particles emerge as 
secondaries. The collision can be interpreted as a nucleon-nucleon interaction 
in which a high energy proton collides with a hydrogen nucleus or a single 
proton on the periphery of a heavier nucleus. The angular distribution of the 
secondaries was measured and the momentum of each individual track deter- 


(*) Supported by a joint program of the Office of Naval Research and the U. S. 
Atomic Energy Commission. 
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mined by the measurement of multiple Coulomb scattering. It was found 
that particles in the central core of the shower carried such a high energy that 
the momentum could be determined only by using track to track scattering. 
Utilizing this method, momenta up to about 
100 GeV/c were measurable. Knowing the r 
momenta and angular distribution of the 
secondaries it was possible to deduce a re- ? 
liable estimate of the energy of the primary 
proton of 5-10! eV. This also makes it pos- 
sible to carry out a relativistic transformation j 
into the center of mass system (C.S.). The DI ki 
results show clearly the sharp collimation of % 
particles of high energy in the C.S. around O° 20° 40° 60° 80° 100° 1207140" 160° 18? 8 
0° and 180°. See Fig. 2. The half angle Fig. 2. — Angular and energy 
of the cones is approximately 10°, which is distribution of particles in the 
considerably smaller than predicted by the SPutento] > SR Spee 
theory of Fermi (30° to 40°). In contrast, meee gf 
the low energy particles in the C.S. show a 
considerably wider angular distribution. The half angle is greater by at least 
a factor of 2. 

It is of interest to pcint out that the average energy of the charged par- 
ticles in the C.S. is only 1.4 GeV. 

Each of the charged secondaries was followed through the stack in order 
to find secondary interactions. A number of secondary interactions were 


g 
\ 
I 
I 
| 
| 
| 
I 
| 

Si 

| 


E (Gev) — 


Forward Cone 


(Ge INITIAL INTERACTION 


12.5 mr 


Fig. 3. — Interactions of secondary tracks from event 1. 


located and some of the minimum tracks of these interactions were followed 
in order to find tertiary interactions. Fig. 3 above shows the interactions 
of secondary tracks. The mean free path was found to be about 28 em. 
Evidence that a large number of neutral particles were emitted in the primary 
interaction was found. This consisted mostly of electron pairs most probably 
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originating from the decay of neutral pions. These pairs are located in general 
in distances of a few mm from the primary star. At a distance of 5.7 cm from 
the primary star, a neutral interaction consisting of a high energy jet was 
found. The event consists of 20 minimum tracks only. The origin is within 
the center core of the primary event and the core of the neutral jet is closely 
parallel to the same direction. Because of the considerable distance from the 
origin, the event cannot be caused by a neutral pion. It is most probable that 
it is produced by a very high energy K°-meson, a neutron, or anti-neutron. 
The neutral jet is shown in Fig. 4 and is designated as event 2. It was ana- 
lyzed in the same manner as event 1. 


Fig. 4. — Projection drawing of event 2. 


The energy and angular distribution show similar characteristics as event 1. 
The energy of the neutral particle was found to be about 2-10! eV, which is 
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a considerable fraction of the primary energy of 5-10! eV. Tracing of the 
charged particles yielded a mean free path of secondary and higher order inter- 
actions of 24 cm. Fig. 5 shows the type of interactions found. Taking both 
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events together, there are six cases where the secondary and tertiary interact- 
ions followed each other within distances of only a few milimeters. 

At a distance of 6.38 mm from the origin of event 1, an electron pair of 
unusually high energy was found. A visible separation of the electron-positron 
tracks could be seen only at a distance of more than 1 em. The opening angle 
of 10-* radians indicates a lower limit to the energy of about 5-10''eV. The 
ionization of the pair was determined over the first 2 mm and compared with 
two neighboring minimum ionization tracks from the primary interaction that 
were parallel and less than 10 um away. The results are shown in Fig. 6. A con- 
siderable decrease in ionization is found in the first 500 um, in agreement 
with the results of PERKINS. x 
The theoretical estimate of 
the reduction in ionization by 
GuDAKOV was found to be in 
reasonable agreement provided 
the energy of the pair was 
about 5-10! eV, as estimated 
from the opening angle. 

Two additional events 


shown in Fig. 7 and 8 are Fig. 7. — Projection drawing of event 3. The 
under analysis. One of them event is inclined at 11° to the emulsion surface 
and has a secondary length of 12 cm. 


was found in the same stack 
and consists of the collision of 
a primary proton producing 22 minimum tracks with no evaporation prongs. 
The second was found in a large stack exposed for 7 h at 102000 feet over Guam, 
Marianas Islands on a Skyhook balloon flight. It contains 52 minimum tracks and 
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Fig. 8. — Pro/ection drawing of event 4. The event has an inclination of 5° and a 
secondary length of 25 cm. 


3 evaporation prongs. This event seems particularly favorable for analysis since 
the number of secondary and higher order interactions may be has high as 50. 
A more detailed publication will follow in the Physical Review. 
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One Case of Nuclear Interaction in Photoemulsion 
at the Energy of ~ 5:10" eV/Nucleon. 


I. M. GRAMENIZKIJ, G. B. ZpANOV, E. A. ZAMGALOVA, 
M. I. TRETJAKOVA, M. N. SCERBAKOVA. 


P. N. Lebedev Institute of Physics of the USSR Academy of Sciences - Moscow. 


In the stack of stripped emulsions, which we have got owing to a kind 
assistence of professor C. F. POWELL (the stack was exposed at 25.5 km in 
the autumn of 1955 in Italy), we found out and investigated one of the rare 
cases of nuclear interaction of a very high energy. The conditions of observat- 
ion allowed to follow the shower development through a distance of 6 cm. 

The principal characteristies of the phenomenon and their comparison 
with the hydrodynamical theory of multiple particle production are given 
below. 


1. — The type of interaction: 1 + 0 + 37a. 


A relatively low multiplicity of fast particle generation in the presence 
of only one slow particle permits to consider the process as a peripherical col- 
lision of an «-particle with a photoemulsion nucleus and to interpret all the quan- 
titative characteristics of the phenomenon from the viewpoint of nucleon- 
nucleon interaction. 


2. — Penetrating component, angular distribution. 


The angular distribution averaged to the measurements of three observers 
is given in Fig. 1. The calculated curves for the case of isotropic distribution 


and for the distribution predicted by the theory of LANDAU [1]are also given 
there. 
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The method of y?-tests has shown that the probability of agreement bet- 
ween experiment and theory is about 90%, and the probability of agreement 
with isotropic distribution is 
about 0.1%. At the same time 
the only calculated parameter 
[has been determined from the 


relation 
(1) Te 1 Dy 
aloe lg tg 0 = 2.35. 


A F logtg@-03 -13 =2.3) =33 -4.3)-5.3 A f 8. 9. 
Systematical and chance errors 109,99 n È si i 


in the determination of y, will Fig. 1. 
be discussed below. 

In the meanwhile at the comparison of the angular distribution with the 
theory the particle velocities are assumed to be sufficiently close to ec. In 
this connection the angular distribution curve in the centre of mass system 
(C.S.) is obtained by a simple shift of the curve for the laboratory system 
(L.S.) by the value lg y.. 


3. — Penetrating component, secondary interactions. 


Table I gives the principal characteristics of three secondary interactions 
observed within the narrow cone of penetrating particles. 


TABLE I. 
| | Energy in L.S. | p [we 

The angle | a | 5 | 

Type to shower Ve | Lo ta: 1 Noa Vie SE Ar sE 

RI axis | n-n | n-column | (1) heen) 
| collision | interaction | 
7 i > Seg een cris | 
9413p | 3-107 5.5+1.5 | 6-10%eV | 1.8-10%eV | 1340.6 i 42 | 
da i Ilaeeet) 4-10 ev 8:10 Vi “1.72210 | 3.542 | 

1+10p 7a e200 fe 10% eV fa 104 eV)" “= — 


The following two points should be stated: 
1) transverse momenta (p. ) of particles differ considerably less than 
their energies do; 
2) the interaction of 1 | 10p type is caused by the particle with the energy 
close to the primary one, but at the same time the multiplicity of particle 
generation turns out to be by several times less. 
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4. — Soft component and transverse momenta of 7° mesons. 


Table II gives angular and energy characteristics of 10 electron pairs for- 
med not further than 0.9 cascade units from the point of shower generation. 
This condition permits to exclude the pairs of bremsstrahlung origin in every 
individual case. 


TABLE II. 
Pe CISA pie, ge rr | 
Number 8 hy | PI 2hyp : 
of pair S | (mm) | (GeV) | ob agg Ea heats | 
1a. RIE RAT i cea +4 re 
Il TLOZ 4.5 TION 1033 1.8 = 
| 
| 2 (a aoe 4.5 IRON Ome 1.8 == 


| | Photon (y) and 7°- 
3 STRO MI See 0 0.85 | -meson emergence 
| | | angles coincide 


4 2.5°10-4) “9.4 40 | 2. 10-8 1:92 = 
| Ra | y and 7° emergence 

id 1 -104| 4.6 130 | 0.6 -10-3 Lehane) Aa 

7 2 -10-4| 9.95 90 | 1.4 -10-3 1.8 da | 

12 4 -10-4] 1.25 25 | 0.7 -10-3 0.25 l Ee 

15 1.2-10-4| 60 | 110 | 0.35-10-3 0.6 | È 

16 0.9-10-4| 6.0 160 | 0.25-10-3 0.51» | i 

20 |<3 -10*| 10. |>1000|04-10*| +6 | ¥ RO 


At the same time the energy of a given photon hy was determined from 
the relation 


MR Rw o cl 
A=_V (log X) + bs, 


hy 


| 
(2) ! 
St 


where x is the divergence angle of pair components measured at the distance 
of s mm. The relation (2) is an approximate relation between the energy 
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and the mean value of the angle x derived from Stearns’ formula [2] taking 
into account electron and positron scatterings in the assumption of uniform 
division of energy hy between them. 

The following ratio is also approximate 


» “Mm 
(3) i 2hv <q 
ue 


It connects transverse momenta of the photon and the corresponding 7°-meson. 
This approximation is justified (at the statistical analysis of results) by a relati- 
vely small value of the additional transverse mementum forming at the decay, 
if for the angle one takes the angle between the shower axis and the direction 
of photon motion. 

As it was pointed out for the first time in the work of ROZENTAL’ and MILE- 
CIN [3], the information about transverse momenta (including the data of 
Table I) obtained by us together with the data on the direct measurements 
of energies and emergence angles of penetrating particles in the shower observed 
by Italian authors [4] are a good confirmation of the unidimensional hydro- 
dynamical theory in which transverse momenta are derived with account of 
the purely thermal motion of the generated particles at the temperature of 
divergence ~ yc?(u = 7-meson mass). 

Besides comparison with theory the determination of transverse momenta 
permits to solve also a purely methodical problem of the systematical error 
in the determination of the value y, by the given angular distribution of part- 
icles in the laboratory system of co-ordinates. Indeed, for the arbitrary particle 
velocity (f,) in the c.m. system (with the velocity f.) the transition to the labo- 
ratory system angles (0, are angles in the L.S., ©, are angles in the C.S.) can be 


expressed by the formula 


ee: Peg ) 
(4a) ele 0, = vel’ tg 0 + care 


This formula can be approximated with a sufficient accuracy by the expression 
V% 
(4b) — log tg 0, — log y. = log ctg Dì + 5A 


with the correction term 


sin? 0, 1 | a0 


(p fue y.|1+ cos 0° 


i 
de oA = = 
(te) 2|(p,/Me) vo 
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This correction term permits to calculate the error 6 lg y, obtained in the deter- 
mination of the value y, from the relation (la) with the certain function of 
particle angular distribution (*). In particular for the angular distribution, 
predicted by the theory of Landau, we have obtained 6 lg y= 0.15 = 0.20, 
what corresponds to over estimating the true value of the primary energy 
(Hy = 2yjuc?) by 2--2.5 times (depending on the value of the parameter £ in 
angular distribution). 

As for the chance error in the determination of y: from (la), which depends 
as on angular distribution fluctuation, so on the errors of angle measurements 
it can be estimated from the spread of mean values lgtg0 for pair particles 
being symmetrical relative to the divergence angle of a half of shower particles. 
In the investigated case the mean spread of the value lg tg@ does not exceed 
0.1. Thus, the most probable final value of the primary energy is ley, = 
==2.2 420.1 Or E, = (D*°)-105%8 eV: 


5. — Soft component, energy and space distribution. 


When there is no possibility of sufficiently precise direct measurements of 
particle energies, one can derive the energy distribution of photons from the 
measurements of pair divergence angles (x). Besides the space distribution 
of pairs (in the directions being transverse and longitudinal relative to the 
shower axis) it is reasonable to investigate also the space distribution of single 
electrons: apart from checking the corresponding photon distributions it permits 
to estimate indipendently the total energy released with 7°mesons, by the 
comparison of longitudinal particle multiplication with different cascade curves. 

Space-energy distribution of photons is given in Table III, in which it 
is assumed that the quantity of the bremsstrahlung origin photons is small (**). 

In this case the energy intervals are selected in accordance with the angular 
intervals for penetrating particles in Fig. 1 provided there are constant trans- 
verse momenta p | = 1.5 ue. It is easy to see that due to a small (at an average) 
value of pi «spreading » of the photon emergence angles in the process of 
m°-decay should be of the same order as the emergence angles between the 
corresponding r°mesons and the shower axis (+). On the contrary, on con- 


(*) A rough estimate of the value 6 log y, can be obtained from (4c) by substitution 
of the mean angle 0) x 90°. 

(**) This assumption is probably justified so far as the photons with corresponding 
pairs formed just near the particle tracks of a previous pair or the photons of a suf- 
ficiently low energy (hy < 20 GeV) are not included. 

(*) In Table III the angle 0 means the angle relative to the shower axis, under 
which from the shower centre one can see the point of the corresponding pair formation. 
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TABLE III. 
Photons 
x-108 4.6-0.9 0.9-0.2 Sum Penetrating 
= ptt At | particles 
hy I II 
(GeV) 20-150 150-1 100 
bela 4 0 4 13 
II 7.-104>@ L02400) 2-4 (<) 10-12 5 
Sum 14.(27'.) 2-4 |. (=) 14-16 18 


dition that p. > uc the angles g formed by the directions of photons with the 
shower axis nearly coincide with the angles 9. The corresponding graph shows 
also (in brackets) the expected quantity of the bremsstrahlung origin pairs 
(for example, 27) in the given energy interval in order to be sure that such 
a selection based on the space distribution is reasonable (on condition that the 
particle energy of the second interval should not be lowered). 

The possibility of lowering the photon energy in the 3-rd column of Table ITI 
and uncertainty of the estimate of such photons quantity are connected with 
the fact that the tracks of the pair components are overlapped by the 
tracks of new pairs of obvious bremsstrahlung origin (*) having a suffi- 
ciently high energy. These four photons are combined in pairs giving rise to 
two cores of angular distance between them of about 0.5-10-* in every core 
at a distance of the order of 1 cascade unit from the first photon and with 
an accuracy of the order of 5. m. On the prolongation of the corresponding 
pair tracks there takes place a conversion of the second photon connected, 
obviously, with the same x°meson. If we use ordinary cascade curves (which 
connect the number of secondary electrons with their minimum energy Zuin 
and the primary electron energy) and also the ratio 


4 E; 
(5) I ei TA ) 


which connects the mean deviation of electrons from the shower axis with 
their energy (2, = 2.107 eV), we should arrive at the conclusion that at least 
one of the observed narrow cores owes its origin to a 7°meson with energy, 


at least, of the order of 10% eV, though this estimate is certainly rather rough. 
For the second core (in which a closer coincidence of separate pair tracks is 


(*) The investigation carried out in the work [5] has shown that already at energies 
of the order 10 eV only a small part of similar cases can be the true tridents, i.e. the 
pairs directly produced by one of the electrons. 
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visible at a shorter distance) the energy of the initial 7°-meson should be esti- 
mated at (2--3)-10!! eV which, taking into account the mutual divergence given 
above, corresponds to a value p, of the order of we. It should be noted that 
the position of a higher energy core with the angular accuracy of the order 
of 10-* corresponds to the direction of that secondary penetrating particle 
(see the third line of Table I) the energy of which is similar to the primary 
energy. According to the above stated considerations it can occur that the 
upper limit of the second interval photon energy is underestimated and due 
to it also a possible number of pairs of bremsstrahlung origin in the second 
interval is lowered. 

If one takes into consideration that the probability of the photon conversion 
at the distance of 2 cascade units is about 0.8, the analysis of Table III can lead 
to the following conclusions. 


1. The total number of 7°-mesons within the limits of statistical errors 
of the experiment does not differ from a half of the penetrating particle quantity. 


2. Angular distribution of the photons of non-bremsstrahlung origin sub- 
stantially differs from the penetrating particle distribution. 


3. The total energy transferred to the shower soft component is about 
(10 +15)% from the primary particle energy (*) though it is not excluded that 
this estimate is somewhat underestimated (approximately by 2--3 times). 


| Table IV gives the longitudinal (along the shower axis) and transverse 
(at the distance of 2 cascade units) distribution of electrons measured within 
the limits of the narrow core of penetrating particles. The analysis shows 
that this data satisfactorily agree with the data concerning photons and con- 
firms the above-mentioned conclusions about the angular distribution and total 
energy flux in the soft component. In particular, a special comparison of the 


TABLE IV. 
Longitudinal distance Transverse deviation at { = 2 
(cascade units) | (cascade units) 
0.5 | 14 | 4 | 8 | 
1.0 43 (4-8) | 15 | 
| 90 (8-12) | 11 
2.0 149 (12-25) | 29 
(25-50) | 32 
(50-100) | 34 


(*) If one assumes that not one but several nucleons of the primary «-particle take 
part in the generation of mesons, this estimate should be lowered correspondingly. 
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curve of transverse distribution of electrons and penetrating particles was done 
for the depth t = 2 : the concentration of energy fluxes near the shower axis 
in both cases is practically the same and is expressed approximately by a 
function of r °° type (r is a distance from the shower axis). But just this 
coincidence shows that the initial (without taking into account Coulomb scat- 
tering) distribution of energy fluxes in the soft component has been more con- 
centrated than in the penetrating one, since the divergence of x°-mesons in 
the point of their formation is expressed on the average by a value being 
somewhat less than the total deviation connected with the following photon 
decay and Coulomb scattering of the electron cascade particles. 


* OK OK 
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1. — Exposure. 


Jets were detected by scanning for the resulting soft cascades, this method 
imposing a lower limit to the primary energy of about 10? GeV. 24 jets pro- 
duced by protons, and 9 by «-particles were obtained in a total of 23 litres G5 
emulsion flown for ~6h at 100000 ft. and 7 litres exposed for 0.5 years at 
11500 ft. The rate of events was 0.3 per litre hour at high altitude, ~ 0.5 per 
litre year at mountain altitude. In the same volume were observed 65 soft 
cascades, 52 originated by single photons, 13 by single electrons, entering the 
stacks from outside. No cascade of « multi-photon origin » was observed. 


2. — Distribution of N, and n,. 


Of the 33 jets observed, 18 were of NV, < 2, 13 of N, = 0. The mean value 
of n, for events of N, > 2 was 3.2 + 0.8 times that for VY, <2. Clearly very 
few of the jets will correspond to pure nucleon-nucleon collisions, and secondary 
interactions must play an important role. In what follows, only proton-induced 
jets will be considered. 


3. — Transverse momentum. 


In general, complete analysis of individual events is impossible. We started 
therefore by measuring one parameter over a number of events. The para- 
meter chosen was the transverse momentum p,, of the secondary particles, 
since this is Lorentz invariant. p, was determined for particles in the «inner 


Re” 
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cone » by the angular distribution of secondary jets, in the outer cone by 
scattering measurements. Our results seem to show that 


a) (Pi), ~ 0.5 GeV/c 
b) 90% of the values of p, lie within the interval (0.1 +-1.0) GeV/c; 


€) p: is almost independent of centre of mass system angle of emission 
9, over the measured range 9 = 0.5°-179°. 


d) p, is almost independent of primary energy £. 


Result a) is in good agreement with the Japanese measurements of p, on 
neutral pions. Although these measurements correspond to nucleon-nucleus 
collisions, one might expect the result for nucleon-nucleon collisions to be not 
very different, and it is therefore instructive to compare the results with theory: 


Fermi: p,c E", strong maximum at § —90°; (p,),,~ several GeV. 
Landau: p,oc B"*, almost independent of 4; (p,),,~ 4 GeV/c. 
Heisenberg: as for Landau, but with (p.), © me. 


The results therefore appear to exclude the Fermi theory; whereas only 
small numerical adjustments are required in the absolute value of p, for the 
other theories. 


4. — Inelasticity. 


From a theoretical viewpoint, the distribution of the fraction k of energy 
radiated in a nucleon-nucleon collision is of great interest, since it depends 
directly on the radial distribution of field energy around the nucleons. FERMI 
and LANDAU both postulate that k~1, HEISENBERG and BHABHA suggest 
much smaller values. 

If p, is really independent of 0, it becomes possible to say something about k, 
using the observed multiplicities and angular distributions. It will not be a 
true value, since we are dealing with the results of successive collisions in 
complex nuclei; but it should be right in order of magnitude, and we are more 
interested in how k varies from event to event, rather than the absolute value. 

In very high energy events, nearly all the energy is carried away by a few 
forward particles, which make small angles to the primary direction (frequently 
<10-‘rad). The difficulty of measuring such small angles with precision 
suggests that we should go to the centre of mass system, where equal amounts 
will be radiated backwards and forwards. If we plot tg 0 (0= angle in the 
laboratory system) on a log scale, the centre of gravity of the distributions 
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corresponds to the geometrical mean value of tg 0, say tg n. The energy 
of a nucleon in the centre of mass system is y,= 1/(tg 7). On such a scale, 
the centre of mas system angular distribution is symmetrical about tg» 
(9= 90°), since log (tg 6/tg n) = + log cotg (6/2). This transformation is valid 
provided 0 < 90° and the secondaries are relativistic in the laboratory system 
which is nearly always the case. Assuming p,= 0.5 GeV/c, one can there- 
‘fore estimate the visible energy radiated. The fraction radiated backwards 
in the centre of mass system is almost independent of small errors in esti- 
mating y., and this is the principal reason for making the transformation. 

From the events analysed, we have found no certain case for which 
k<10%, the average being ~ 0.5. It will be seen that, at a fixed primary 
energy, small n, corresponds to a strong forward-backward peaking in the 
centre of mass system; large n, correspond to a more isotropic distribution. 
The striking feature of our results, is that at a given energy, the degree of 
anisotropy varies tremendously from event to event. If the distribution 
is put in the form cos" @ dQ, then for 4 events between 30000 and 50000 GeV, 
n varies from 4 to 300. This variation is much greater than can be ac- 
counted for by angular momentum considerations alone, and suggests 
that the Heisenberg-Bhabha or Kraushaar-Marks models, in which the impact 
parameter plays an important role, are preferable to the Landau theory, 
where fluctuations are small. 


5. — Fluctuations. 


In some events of low multiplicity, the calculated values of k, when derived 
in the above manner, are less than 1%. We believe that these events re- 
present extreme fluctuations, where most or all of the charged particles are 
emitted forwards in the centre of mass system. If symmetry in total num- 
ber of particles is to be preserved with respect to backward and forward 
emission in the centre of mass system, the fluctuations in the ratio of neutral 
and charged particles have to be much greater than would be expected stati- 
stically. Such apparent lack of symmetry, in individual events, between the 
incident and struck nucleon, has indeed been suggested in the «excited nucleon » 
model of Kraushaar and Marks. 
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A Cosmic Ray Jet in the 10” Electron Volt Energy Range. 


P. Fow er, P. S. FREIER, C. LATTES, E. P. NEY 


University of Minnesota - Minneapolis, Minn. 


D. PERKINS 


University of Bristol - Bristol. 


Summary. — A 22.4 litre stack of emulsions was exposed in Minnesota during Sep- 
temper 1956 in a balloon flight at 116000 feet. The emulsion stack, which was flown 
in a cooperative experiment with University of Bristol, weighed 200 lbs and had di- 
mensions of 16 in.x 12 in.x 7 in. The largest jet so far found by naked-eye scanning 
traversed the entire Minnesota half of the stack with a total lenght of 26 cm. The 
primary interaction is a 6+1x star. In the nine radiation lengths of the Minnesota 
portion of the stack, the jet multiplied from nine particles, mainly in two cores, to 
8000 particles. The electromagnetic, cascade appeared to be initiated by several y rays 
probably from the decay of two neutral mesons. The electromagnetic cascade was 
still increasing in numbers after nine radiation lengths. At approximately 23 cm trom 
the primary interaction, the primary particle produced a meson jet in the core of the 
electromagnetic cascade. The meson star was classified as 4+80p. The angle con- 
taining half of the 80 minimum ionization particles was 3-10-! rad. The energy of 
the primary z-particle is estimated to be > 1015 eV. The energy in this event which 
appeared in electronic component is approximately 10™ eV. 
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Two Interesting Cases of Secondary High-Energy Interactions 
in Photographic Emulsion. 


G. B. ZpAnov, E. A. ZAMGALOVA, 
M. I. TRETJAKOVA and M. N. SCERBAKOVA 


P. N. Lebedev Physical Institute of the USSR Academie of Sciences - Moscow, 


One of the most important questions that arise in the study of nuclear inter- 
actions by the photographic emulsion method is the determination of the energy 
of the incident particle. With a very few exceptions, this may be done only 
from the angular distribution of the secondary particles. In the case of nucleon- 
nucleon collisions, such a determination is based on a quite natural, but experi- 
mentally unproved assumption of the symmetrical divergence of secondary 
particles in the center-of-mass system. However, even the criteria for the 
selection of nucleon-nucleon collisions are not fully obvious. But in the cases 
of collisions of a nucleon with a nucleus or of a nucleus with a nucleus, the 
problem of determining the initial energy becomes still more difficult. It is 
possible that just the errors made in determining the initial energy result in 
too many cases from events found in emulsions, to which very high energies 
are ascribed. 

In this connection, of special interest are those cases in which the secondary 
shower particles produced in the emulsion produce new interactions with 
energy comparable to the initial energy. For such cases, an attempt may 
be made to determine the energy of these secondary generating particles in 
the usual way by the angular divergence of the produced particles and to com- 
pare it with the energy of the primary particle. 

Below, are described two interesting events with a number of secondary 
interactions found in emulsions exposed in the stratosphere in the autumn of 
1955 during an expedition in the Po valley an obtained through the kindness 
of Professor C. F. POWELL. 

A microprojection of one of them is given in Fig. 1. The primary particle 
of Z=3-: 4 (determined by grain counting along the track, by photometeringit 
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and also by the d-electrons) produced in the emulsion an interaction of a type 
20+79Z. From the angular distribution of secondary relativistic particles it was 
found (lg y,. = —lg tg 9) that ,y. = 15. In order to coordinate this value ,y, 
with the number of produced relativistic particles (according to the FERMI- 
LANDAU {*) theory) n, =2A4-l- 7, (A is the mass number of the incident 
nucleus and / is the ratio of the lengths of column of nuclear matter in the 
incident nucleus and in the target nucleus, with which the interaction took 
place), it is necessary to take /=2 for this case. Thus, we find that the pri- 
; mary particle had an energy H,=(6-8):10!! eV/nucleon, (i.e. its total energy 
~ (4+6)-10" eV). 


Sei A ye tet, 


0+6 p 


Fig. 1. 


A shower of secondary particles pass in the emulsion a distance of 4.5 cm. 
Among the interactions produced by the secondary particles, of greatest 
interest is the type 0 + 6p interaction. This interaction is apparently of 
the nucleon-nucleon type, and for it from the angular distribution of the 
particles ,y. = 100 and hence the energy of the proton that produced it is 
found to be close to 2-10" eV, i.e. 30 times greater than the energy per 
nucleon in the primary particle. 

Although in this case, the number of secondary particies is equal only to 
6, it is difficult to believe that due to statistical fluctuation in the angular 
distribution of particles ,y, was found to exceed by 5 to 6 times the true value. 
The probability of an accidental ejection of all 6 charged particles in such a 
narrow angle is considerably less than one per cent. 

It is also difficult to suppose that the angular distribution of particles in 
the initial interaction gives a greatly reduced value of 1y,. This assumption 
contradicts the value of the energy transferred to the x°-mesons in the inter- 
action. Twenty-three V tracks were found within the limits of the angle that 
corresponds in the center-of-mass system to the forward cone of the particles 
of the given shower. If they are all regarded as electron-positron pairs, and 
and their energy is estimated from the divergence angles of the particles and 
if we calculate the total energy of the photons (taking into account the 


(*) With respect to the number of particles produced, the conclusions of the Landau 
theory coincide with those of the Fermi theory. 
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probability of their conversion in the emulsion) it will be found that the total 
energy conveyed to the x°-mesons does not exceed 2-101 eV. This value ap- 
pears too small, if we assume that the sum of the energy of the nucleons of 
the primary is 2Z times the energy of the proton that caused the secondary 
interaction (i.e. 2-10! eV) and consequently it exceeds 10™ eV. 

At present, there are indications that usually in the shower the compo- 
nent of the momentum of generated particles in a direction perpendicular to 
the track of the primary particle has a value, which has the magnitude ~1.5 pe. 
From this fact it is possible to determine the total energy of the charged 
particles generated in the initial inte ‘action. In this case, we find that 
> Hz — 10!° eV, which is an entirely natural value if the total energy of the 
primary particle is (4--6)-10!° eV, but too small if its energy is 10™ eV. 

Thus, we arrive at the conclusion that the energy of secondary interaction 
0+6p as determined from angular distribution of particles is considerably 
overestimated, though it is, apparently, a nucleon-nucleon interaction. This 
conclusion is also supported by the small number of shower particles in this 
interaction. 

The second case of nuclear interaction with secondary processes found in 
the emulsion stack P is caused by a heavy primary particle of Z=15 20 (Fig. 2). 


In the initial interaction there were formed two relativistic alpha parti- 
cles and 31 fast singly-charged particles. No slow secondary particles were 
observed. The beam of secondary particles penetrates — 4em in the emulsion 
of the stack. 

The secondary particles are rather sharply divided into two cones: a very 
narrow cone containing 10 singly-charged particles and two alpha particles 
emerging at angles <5 10 rad and a broad cone with angle of emergence 
> 0.03 rad. 

If we consider that the narrow and broad cones correspond to the forward 
and back cone in the center-of-mass system, then y, is about 200 and the energy 
of the primary particle about 10!' eV per nucleon. Such a high value of the 
energy seems to us to be rather improbable. The very great discrepaney bet- 
ween the narrow and broad cones is a factor against this assumption. 

For this reason, we believe that the narrow cone is formed by nucleons 
and two alpha particles that arise from the nuclear desintegration of the pri- 
mary particle, while the broad cone mainly consists from generated mesons. 
Using this model, the primary particle is found (from divergence angles of 
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the particles of the broad cone) to have a value y, = 10 and an energy equal 
to ~2:10!! eV per nucleon. 

If this picture is valid, this means that the narrow cone is a beam of 10 
protons with identical energy ~ 2-10! eV and two alpha particles of the same 
energy per nucleon. Within the limits of this cone there should be approx- 
imately as many neutrons with the same energy. 

A study of the emulsion within the limits of the narrow cone showed five 
secondary interactions for which determinations of the values y, were made 
(from the angular distribution, and the determination of the values of J and 
the energy of the particles that generated these secondary interactions from y, 
and the number of shower particles. These data are given in the following Table I. 


TAR By) Le 

Secondary sf | 1 | Energy 

: : Ve | >: 

interactions | (GeV/nucleon) 
1 24+13p 5.5+1.5 es | 2504170 
2 34 8h 230058 el | LOOOMIA 5 
3 3+11p 13 +3.5 2 +1 700 +500 
5 6411 (7) 2521 | 85 22) 


The initial interaction: E, = (200 + 90) GeV/nucleon. 

The last interaction was formed near the initial interaction, where the 
particles of the narrow cone did not have time to diverge, and therefore it 
is impossible to determine in this case whether it is caused by a charged or 
a neutral particle. For it the value y, is possibly reduced by 10 to 20%. 
If we disregard this case, we see that the energies of the secondary generating 
particles determined from the angular distribution of secondary particles on 
the assumption of the interaction of nucleons with the «column » differ from 
each other within the limits of the experimental errors. However, in the last 
case, the value E, differs from the value averaged over all the remaining 
interactions (300 GeV/nucleon) by approximately a twofold probable error. 

Thus, these data show, that the determinations of the energy of the pri- 
mary particles on the assumption of the formation in a nuclear interaction 
of a single system with symmetrical divergence of secondary particles in the 
centre-of-mass system can quite easily lead to great errors in the evaluation 
of the energy of the primary nucleon. 

The contradiction in the evaluation of the energy (of at least one order of 
magnitude) established in the first case, suggests that the usual conceptions 
concerning the mechanism of nuclear inte ‘actions at high energies are not 
sufficient for an explanation of such cases. 
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Large Bursts Investigation and High Energy Particles 
(10'° eV + 10")) eV Interaction with Light Nuclei. 


N. L. Gricorov, V. Y. SESTOPEROV, 
V. A. SOBINJAKOV and A. V. PODGURSKAJA 


Moscow State University - Mos ow 


Bursts at an altitude 3200 m above sea level were studied. 

The apparatus shown on Fig. 1 was used. It consisted of 44 ionization 
chambers made of brass. The chambers were filled with spectrally pure argon 
up to a pressure of 5 atm + 2% of nitrogen. 

Each chamber was connected with its own amplifier. This enables to record 
the magnitude of bursts ranging from 100 to 50000 relativistic particles. 

Below we shall deal only with bursts recorded simultaneously by two trays 
of chambers. According to our data, the integral spectrum of such bursts in 
the interval from 600 to 6000 particles may be represented by the formula 
n(> N) = A/N” with the exponent y =1.6 + 0.2. Here N is the number 

of particles which have pro- 


counters B duced a given burst. 
IC VEVESEIESEVEVEIEVED) 
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ea Our data show that the pro- 
su c bability for a burst to be accom- 
CO CGY |, Shape pia pria : : 
mate panied by an air shower is (91 
__ 63cm + 5)%. In different series of ex- 
Fig. 1. —'The apparatus used for the investigation Periments the counters were 
of bursts. placed at various distances from 


the apparatus (positions A, B 
and € at Fig. 1), and thus could evatuate the average number of particles 
N, in a shower, accompanying a given burst. Therefore we could find the 
distribution of the frequencies with which the bursts of a given size were 
accompanied by showers of a given density. 

The results are shown on Fig. 2. The number of particles N, in the air 
shower accompanying bursts with the number of particles from 1000 to 5000 
is plotted on the abscissa. On the ordinate (curve 1) the number of particles 
with H > 6.10" eV accompanied by air showers with number of particles 
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greater than N, is plotted. Curve 2 of this figure gives the absolute number 
of extensive air showers with the number of particles > N, traversing 1 cm?’ per 
second at the altitude observation. 

The abscissa of the point of intersection of curves 1 and 2 gives the number 
of particles in the shower, in which there is one 
nuclear-active particle of energy £ > 6-10" eV at 


Di 
the level of observation. mole 3 
As may be seen from Fig. 2, in showers with $ 
N, > 3 10* particles there is only one particle with 1107 § 
this energy. he 
Renee È; 3 Ha 
Since we know the probability for the burst to 1108 c 
D 
be accompanied by air showers, we may estimate 8 a 
ui xa # {BS 
the collision mean free path — R,,,,,,. for particles 110-315 
pi CA sie i ie 
of energy of the order of 10” eV. lees 


In fact, 1107 110° 1108 Ns 
Fig. 2. — The flux of nuclear 
active particles (curve I) and 

N(x) = kN ,(> E, 0) exp[— (@/B, mt.)] the number of extensive air 
showers with number of par- 
ticles exceeding N, (curve IT) 


N,,, (x) > KN, (> E, 0) exp[— (@/Bomtn)] 9 versus N,. 
Noe) (a) = exp (=e Ra. — 1/R, m+p.)] there N, is the total number of all 
bursts, N,, is the number of bursts not accompained by air showers and 
R,,,;:,, iS the absorption mean free path. 

This estimate gives R,,,,;,< 859 cm”. 

The use of ionization chambers having a diameter of 4 cm that cover a relat- 
ively large area enables to observe cases of bursts produced simultaneously in 
two and in even more chambers separated from each other by a considerable 
distance, with no ionization in chambers between them. We call such bursts 
«structural» bursts. A typical example of « structural » bursts is given on 
Fig. 3. Ionization pulses that produce the structure of the bursts usually 


differ from each other but slightly. 
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Fig. 3. — A typical example of a «structural » burst. 
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The total fraction of structure bursts amounts to (19 + 4)% of bursts with 
a number of particles N > 1000. Herefrom we conclude that roughly in 50% 
of recorded bursts several nuclear-active particles fall simultaneously on our 
apparatus. 

This suggests that the interaction of particles of energy (10% = 101°) eV with 
light nuclei may be schematically represented as being divided into two classes 
of interactions. One class corresponds to a relatively weak interaction, as a 
result of which the nuclear-active particle loses but a small part of its energy. 
The second class corresponds to a strong interaction in which the greater part 
of the « primary » particle energy is lost. The showers containing several high 
energy nuclear active particles that produce structural bursts are due to inter- 
actions of the second type. 

We would like to make the following remark: if such a mechanism of inter- 
action is extrapolated to the region of superhigh energies, responsible for the 
production of extensive air showers, then we can easy explain quantitatively 
such characteristics of showers as 1) the altitude dependence of showers; 2) the 
spectrum of shower densities; 3) the absolute number of extensive air showers. 

A more detailed account is to be published in Zu. Éksper. Teor. Fiz. 
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Photographic Plates Investigation 
of the High-Energy Particles Interaction with Lead Nuclei. 


S. I. BRIKKER, N. L. GrIGOROv, M. A. KONDRATEVA, A. V. PODGURSKAJA, 
A. I. SAVELEVA, V. A. SOBINJAKOV and V. Y. SESTOPEROV 


Moscow State University, Moscow 


The lateral distribution of shower particles in a plane perpendicular to the 
shower axis in the vicinity of the axis may be expected to reflect the angular 
distribution of streams of energy imparted to x°-mesons in the process of their 
generation. 

We studied the lateral distribution of electrons in showers generated in 
lead by nuclear-active particles of high energy, using electron-sensitive pho- 
tographic plates with an emulsion layer of thickness 200 um. 

The photographic plates were placed into a special apparatus under a 
10 em thick lead absorber. Fig. 1 


È c a counters 
gives a schematic view of the ap- : ESES EOE 
paratus which contained the pho- BS e handle 


tographic plates. 

The apparatus consisted of two P75" 
trays of ionization chambers having 
the length of 90 cm and the dia- Fig. 1. — A schematic view of the apparatus 
meter 4 cm. The chambers of one 
tray were placed perpendicular to those of the other tray. 

Each chamber was connected with its own amplifier. 

When the chambers of both trays recorded a sufficiently big burst (equi- 
valent to more than 100 relativistic particles) we removed the photogra-, 
phic plate corresponding to the intersection of the chambers giving coinciding 
bursts. 

A new plate was inserted in place of the removed one, which was sent for 
development. 

This procedure enables us to restrict ourself in the investigation only to those 


on 
chambers 


0 10 20 30 40cm 
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Fig. 2. - A view of a typical shower. Each 
dash is a single particle. 


plates through which sufficiently 
large showers have passed. Besides, 
it gives the possibility of deter- 
mining the place on the plate on 
should look for the 
shower. This shortens the time of 
examination of photographic pla- 
tes. 


which we 


The use of ionization cham- 
bers gives also certain supplemen- 
tary data concerning the shower, 
the age of the given shower, and 
its correlation with air showers. 
(The apparatus had an additio- 
nal tray with 10 counters con- 
nected with a hodoscope). 

The experiment was performed 
at an altitude of 3200 m above sea 
level. 


At the present time, only a small part of the showers that were found has 


been analysed. 


Fig. 2 shows a typical shower. In this shower, 540 shower particles (after 
subtraction of background particles) were detected within a radius of about 
1000 um. The lateral distribution of particles of this shower and three other 


showers looks practically 
the same and is shown in 
Fig. 3 in double logaritmic 
scale (curve 1). The dif- 
ferent points refer to four 
different showers normal- 
ized to the same total 
number of particles. The 
points on which errors are 
indicated show averaged 
lateral distribution. As 


Fig. 3. — The logarithm of 
density o of shower particles 
versus the logarithm of dis- 
tance r from the shower 
axis. (g is the number of part- 


icles per one micron square.) 


shower N7 
shower N3 


403 particles 
730 particles 


shower N8 623 particles 
shower N1 536 particles 
shower N& 2200 particles 
shower NS 1973 particles 
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may be seen from Fig. 3, the lateral Bri. ia Ù io) 
distribution up to distances of 300 um 4 
may be represented by the law 
e(r)= Afr (curve 1). 

Among the six analyzed showers 
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tion of shower particles (within a 
radius of 100-300 um. Curves 2 and 3). 
Of special interest is the seventh 


shower. This shower is shown in vi 
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Fig. 4. Clearly visible are three cores. 777777 ATA a SU, y 
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all showers intersect at one point. pig. 4. — The shower consisting of three 
This proves that all three showers cores. 


Fig. 5. — The central part of the shower consisting of about 200000 particles. 
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were produced by three different 7°-mesons that were formed in the same 
nuclear interaction. It is possible to determine the minimum value of energy 
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Fig. 6. — The density of the particles at the 
different distances from the shower axis 
consisting of about 200000 particles. 


distance from the centre of the shower. 


of theese 7°-mesons. Starting from the 
number of particles in each shower, 
it is possible also to determine trans- 
verse momenta of 7°-mesons from the 
angular divergence of the showers. 

Relatively to the shower axis I the 
transverse momenta of the 7°mesons 
that produced showers II and III are 
2.7-10° eV and 1.2-10° eV respectively. 

The eighth shower has not yet been 
fully analyzed. Tentative data show 
that it contains about 200000 par- 
ticles. A photograph of the central part 
of this shower is shown in Fig. 5. An 
idea of the density of the shower may 
be obtained from Fig. 
the variation of particle density with 


A 


6 which shows 


The estimation of the energy gives the value, which exceeds 3-10" eV. 
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N. L. Grigorov, G. N. VeRNov and G. T. ZACEPIN 
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In the present paper we wish to summarize the conclusions, which, in 
our opinion, can be drawn on the basis of the data obtained in investigation 
of extensive air showers. 

One can obtain the following characteristics of the processes at extremely 


high energies. 


1) The interaction cross section, o = const/R,,,, Where R..m 18 the collision 
mean free path. 


2) The energy distribution of secondary particles: 


2 
an Tha. r 
Ena 


where dN,, is the number of secondary nuclear active particles with energy 
between H and Hy; + dEte. 

The investigation of extensive air showers can also verify our hypothesis 
concerning the possibility of extrapolating to extremely high energies of our 
conclusion which was obtained when investigating cosmic rays in the stra- 
tosphere, namely the conclusion that the predominant part of primary particle 
energy is transferred to some one of the secondary nuclear particles, which 


most probably is a nucleon Bab 


3) The angular distribution of the energy fluxes of secondary particles, 
which are generated in the interaction of a particle of extremely high energ 
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with the atomic nucleus of the atmosphere: 


4) The variation of characteristics, enumerated above, with the pri- 
mary particle energy. 


1. — Interaction cross section. 


a) The collision mean free path of primary particles can be obtained by 
means of a study of fluctuations in Cerenkov radiation of extensive air 
showers in the atmosphere for the showers with a given total number of 
particles (for the further details see the paper by CuDAKOV et. al. submitted 
to this conference). 


b) The collision mean free path of high energy particles can also be 
obtained from the ratio of the number of cases when the nuclear active 
particle is not accompanied by the air shower to the total number of nuclear 
active particles in the same energy region (for further details see paper by 
GRIGOROV et al., submitted to this conference). 


Since the area covered by the ionization chamber was small and the duration 
of measurements was also small, we could obtain the data on the nuclear-active 
particles only for energy of 102 eV. The collision mean free path was found 
to be < 85 g/em?. The simbol < means that a part of showers generated in 
the upper atmosphere could not be recorded by our counters. 


¢) The absorption mean free path (R.,,,) can be determined for 
the region of very high energies. Since the interaction path is shorter than 
the absorption path, we can determine the upper limit for the first one. 
From the data obtained by HRISTIANSEN and collaborators at sea-level 
and by NIcoL'sKkIJ and collaborators at 3860 m it follows that the flux of nuc- 
lear active particles with energy exceeding 10% eV is equal to 0.01 h-! m=? 
and 0.1 h!m-= at sea-level and at 3860 m respectively. 
From the comparison of this data with the total number of primary cosmic 


ray particles having such energy (36 h-! m-?) it follows that the absorption 
mean free path is equal to 120g/em?. 


d) Already in 1949 one of us (G.T.Z.) suggested to use the data on 
the alvitude dependence of extensive air showers for the determination of 
the upper limit for the collision mean free path. 


At present [2] it is known that the altitude dependence of extensive air sho- 
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wers in the energy interval of from 10' eV to 10'%eV is characterised by a 
path A = (90 ~ 140)g/cm*. It follows from this that the interaction mean free 
path of primary cosmic ray particles with the nuclei of nitrogen atoms is 
undoubtedly less than A. 

Since the collision mean free path w ithin the interval of (10!’ +101") eV and 
the absorption mean free path in the interval of (10!!--10!’) eV are pratically 
constant, we suggest that for the purpose of further analysis it is reasonable 
to assume that the collision mean free path of protons with nitrogen: nuclei 
is constant and equal to 70 g/em? also in the region of extremely high 
energies. 


2. — Energy distribution of secondary particles. 


Let us assume that the fluctuations in energy losses in interactions are 
small. If the mean path between two interactions is equal to 70 g/cm? than 
the fact that the altitude dependence of 


the extensive air showers is characterized logN2En a p/Eo? 

by the value 140 g/cm? can be explained by 

the assumption that the path of each indivi- 2 Ie is 0.06 Ep ge 

dual caseade is practically equal 200 g/cm?. O7E5 O56 1.03 
Thus the part of the energy which the i Re. m.f.p =15 


nuclear active particle loses in one inter- 
action is given by the ratio of the collision 
mean free path to the mean free path to = 
the absorption of an individual cascade. 
This is 70/200 = 0.35. 

In order to obtain more detailed infor- -3 
mation about the character of the inter- 
action acts, J. P. IvANENKO and E. V. 
GorGAKkov have calculated the energy Figs le 
spectra of the nuclear-active particles using 
the method of successive generations [3]. 

The Fig. 1 shows some results of these calculations, as well as some exper- 
imental data obtained by HRISTIANSEN et al. 

From the figure can be seen that the curve corresponding to the case when 
one of the secondary particles retains about 50% of the primary particle energy 
gives the best agreement. 

However, if the fluctuations of the values of the energy losses in the inter- 
action acts are large (as it is supposed in the paper by GrIGOROV et al.) then the 
energy losses will be greater. 
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3. — Angular distribution of secondary particle energy fluxes in the interaction act. 


V. I. ZAcEPIN carried out the calculations of the lateral distribution of 
particles basing on assumptions on angular dependence of the fluxes of energy 
of the secondary particle. 

The idea of these calculations is that the shower caused by a primary part- 
icle with energy £ is equal to the sums of showers produced by all the secon- 
dary particles generated in the first interaction act. 

It is known from experiments on extensive air showers that the lateral 
distribution o(r) does not depend on the primary energy and that in the 
region 1m <r < 10m of the shower the particle density is inversely proportional 
to the distance from the axis: o(r) ~ 1/r. 

Therefore, in order to determine the lateral distribution of the particles of 
showers generated by the primary particle with energy £ (according to 
the above assumptions) it is necessary to sum the extensive air showers 
generated by the secondaries. 

The axis of these extensive air showers are distributed according 
to F(0). 

Calculations show that independent from the assumptions about the type 
of the function (0) for the agreement with the experimental data it is neces- 
sary to assume that the angle 0, including a half of the energy fluxes of secon- 
dary particles is always approximately the same, i.e. 10-* rad. for primary 
particles with energy 10 14 eV. 

If the lateral distribution for distances shorter than 1 mis also inversely 
proportional to the distance, than this angle should be less than 107* rad. 

Besides, in the above analysis the deviation of the secondaries from the 
direction of the primaries has been taken into account only in the first act. 

Therefore 0, is apparently substantially less than 107% and, consequently, 
on the average P, < 10° eV/c. 

In principle similar estimates of the transverse momenta can be made by 
the comparison of the lateral distribution and of the absorption of the extensive 
air showers. 

The absorption of an individual shower in a thin layer of air is determined 
by the energy spectrum of the soft components alone, because it is known that 
no small energy electrons are generated in nuclear collisions. Thus, the mean 
value of the exponent of the energy spectrum s can be obtained. 

The lateral distribution of electrons is also determined by s alone, if the an- 
gular divergence of nuclear active particles is sufficiently small. 

The experimental data ensure a satisfactory explanation of the mean ab- 
sorption and of the mean lateral distribution by the single parameter s. 

Therefore p, is sufficiently small to give no observable influence on the la- 
teral distribution of the electrons. 
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4. — The variation of characteristics on primary particles. 


The investigation of characteristics of the separate individual showers in- 
cluding the measurements of total number of particles in them enables us to 
study the dependence of their characteristics on the energy of primary part- 
icles. 

Some preliminary results which were obtained both in our experiments 
and in experiments of other authors indicate the change of properties of sho- 
wers with the change of the number of shower particles. It is quite possible that 
this means that our conclusion concerning the conservation of a greater part 
of primary energy on a single particle ceases to hold when we go over to ex- 
tremely high energies. 
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INTERVENTI E DISCUSSIONI 


— H. MESSEL: 

Vernov’s results are of considerable interest to me for nearly seven years ago we 
worked out a theory of nuclear development in which an absorption mean free path 
of 120 g/em? and an interaction mean free path of about 65 g/cm* were used. This 
theory was based on ideas originally proposed by JANOSSY and HeIrLER, however, with 
the difference that no specific model of meson production was assumed. The cross 
sections used were such that in the original nucleon-nucleon interaction about 70% 
of the energy was retained by the two nucleons; the remaining one third of the energy 
went into the production of one or more mesons. This theory though giving good 
agreement with many experimental results available at the time, was put into the 
background by the statistical theories of meson production. To-day the picture seems 
to have reversed again and it appears that extensive shower theory might be explained 
using an essentially multi-shot (bremsstrahlung type) model of cascade development 
such as that originally developed by us. 

Our theory can be found in various publications but is partially summarized in 
Progress of Cosmic Ray Physics, 2 (Amsterdam 1953) and in Nuovo Cimento, 10, 754 (1953). 
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1. Introduction. 


A study of extensive air showers is of interest not only from the point of 
view of the investigation of the nuclear-cascade process, but also from the point 
of view of the investigation of the primary component of cosmie radiation that 
generates extensive air showers. In this connection, it is interesting to examine 
the number of particles spectrum of extensive air showers. 

Up to the present time, mainly measurements of the spectrum of densities 
of extensive air showers were carried out, whereas the number of particles 
spectrum of showers was obtained by recalculation from the obtained density 
spectrum. However, this method of obtaining the number of particles spectrum 
of extensive air showers has serious disadvantages. Indeed, as is well known, 
the density spectrum is obtained from the number of particles spectrum by 
integration over an extremely broad range, in which the number of particles va- 
ries by 2--3 orders. Due to this fact, the density spectrum cannot reflect all the 
details in the behaviour of the particle-number spectrum. In this paper 
a direct study was made of the number of particles Spectrum of showers. 
Measurements were performed at sea level during May 1954. 


2. — Description of apparatus and of procedure. 


The measurements were carried out on the apparatus used in paper [1] by 
means of the method of correlated hodoscopes [2], which in principle permits 
the individual study of each recorded shower. 

The apparatus consisted of a large number (more than 1600) of Geiger- 
Muller counters connected with a GK-6 hodoscope [3]. These counters were 
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divided into groups, each of which consisted of 24 counters of the same area. 
Counters of three different areas: 24, 100, and 330 cm?, were employed in the 
apparatus. Forty-seven of such groups of counters were uniformly distributed 
in the central part (Fig. 1) and nine groups were placed at distances of 15, 
20 and 30m from the centre of the installation. Fig. 1 shows the dimensions 
and relative position of the groups of hodo- 

scope counters. Using this hodoscope instal- tae [ee] 
lation it was possible to determine the po- 
sition of the axis and the number of part- 


G 

icles in showers with the total number of Tn 
particles from 2-104 to 2-108. ae 4 4 aa\ 

The unit recorded only extensive air GSi sia 
showers producing coincidences in six groups and aa! 
of counters covering an area of 0.132 m? 
each and positioned in the center of the eer ete 
installation. The hodoscope system enables Sere = 


one to determine the number of triggered Fig. 1. — Plan of hodoscope ar- 
counters in different groups of counters dur-  rangement for studying the numb- 
- : : er of particles spectrum of exten- 
ing the recording of each shower. Knowing i 1) er aun ce 
the distribution of the counters that trigger 24 hodoscope counters covering 
in the plane of observation, it is possible, an area of 330 cem? each. A-2) A 
under certain assumptions, to find the num- group of 48 hodoscope counters, 
ber of particles N and the co-ordinates of the of which 26 counters cover an sah 

ae, : 2 of 100 cm? each and 24 counters 
axis in the plane of observation X,, Y,. The eo ian 
probability that therecordedshowercontainsN ——-3) A group of counters con- 
particles and his axis has co-ordinates X,, Yo, nected to the coincidence circuit. 
when m; counters out of n, are triggered in 


the i-th point with co-ordinates X,, Y,is proportional to: 


(1 — exp [— o,0,])"'- exp [— o.0.(n,; — m,)], 


where o; is the area of each counter of the i-th group. 
Let us assume [1]: 


(1) 0; = KN-{(|r:-ro]), with K =1.8-10-? m-}, 
1 Nae T 
(oe ini pernici ini reni 


lr; —ro| = {(&; Lo)? (Yi Yo)?}*. 


Then the probability that the recorded shower has the inidvidual character- 
istics N, XY,, Yo, when experimentally the combination (m,, n.) takes place 
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is proportional to: 
56 


(2) W(X,, Yo, M = TT (1— exp [— o10:])"* exp [— Quo: — mi)} . 

? i=1 

Thus, the problem ot determining the number of particles in the shower 
and the position of its axis reduces to the following extremum problem. Find 
the maximum of quantity (2) with respect to the variables N, X,, Yo when 
the values of the other factors entering into this expression are given. 

This problem was solved on the electronic computer at the computation 
center of the Moscow State University. The value N was found with an 
‘accuracy of 10%, while values Xy and Y, were found with an accuracy of 0.5 m. 


3. — Results and Discussion. 


A total of approximately 3700 showers were recorded during the 285 hours 
that the installation operated. In constructing the spectrum, those showers 
were selected whose axes were found in the region of an area of 400 m° de- 
signated in Fig. 1 by the superscript S. The dimensions of this area were pre- 
scribed by the necessity of studying the spectrum 
in the region of large values of N. For this reason, 
its dimensions were made as great as the hodo- 
scope arrangement would permit. In this connec- 
tion, the showers with axes in the region S were 
recorded by the master system with a probability 
of 100% if the number of particles N in them 
exceeded 10°. 

The number of showers with number of 
particles N >2-10° and with axes within the 


region S was 270. 

The results of the construction of a number of 
particles spectrum of showers are given in Fig. 2. 
iiparticlés’ spectrum ot ex. In the region of values of N = (2--8)- 105 the 

tensive air showers. spectrum may be represented by a power function 

x- CRANSHAW [4]; with the exponent x = 1.5 + 0.1. For values of 

E- KRAUSHAAR [5]. N > 8-10, the spectrum is more steep. Fig. 2 lists 
data concerning the absolute intensity of showers 

with number of particles 4.7-10* and 6-10° taken from papers [4] and [5]. 

Taking into consideration these experimental data we find that in the 
region of values of N = (8-10? -.6-10°) the spectrum is approximated by a 


Fig. 2. — An integral number 


oS 


power law with the exponent x= 2.2 (*): 
(*) The error in the exponent x in this region of N depends on the accuracy of 
the Cransuaw and KraussAar data, which is unknown to us. 
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Thus, one observes a variation of the exponent of the number of par- 
ticles spectrum in a rather narrow range of variation of the number of particles. 
Whether the variation of the exponent of the number of particles shower 
spectrum which we observed is related to the corresponding variation in the 
form of the primary spectrum in the region of energies 10! eV or whether it 
may be explained by peculiarities in the mechanism of the development of 
showers with the number of particles > 10°, may be established only after 
more experimentation. It is necessary to determine, for instance, the absorp- 
tion coefficient of showers with the number of particles = 10°. i 


* * * 


Note added wn proof. — Using the results of the paper [6] one may find that the 
exponent of an integral number of particles spectrum is x = 2,3 £ 0,3 in the region 
of values of N = (1--3.5)-10°. 
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It is ordinarily assumed that in the collision of nucleons there takes place 
a formation of a certain joined system into which enters the whole energy 
of the nucleons that collided (or a considerable part of this energy) while the 
break up of this system leads to the production of particles. An appreciable 
part of the experimental data obtained during the past ten years can indeed 
be described satisfactorily on the basis of this mechanism. 

However, when the energy of the colliding nucleons is high, there is another 
possible mechanism of multiple production of particles to which the author 
pointed some seven years ago. (*) 

This mechanism consists in the following. The interacting nucleons of 
high energy exchange a small portion of their momenta and energy. During 
this process one or both of the nucleons become excited, and then the excited 
State of the nucleons leads to the production of particles. 

The process may be described through the values of the transferred mo- 
menta and energy as follows. 

Prior to interaction the nucleon had a mass m, and energy Ey, = Yorme, and 


TIE : 1 : 
a momentum p,= Vy,—1 me. After interaction, the mass of the excited 
nucleon becomes M — Km, the energy £ = y,Mc?, and the momentum 


= Vy? —1 Mc. The change in energy H,— E, may be written as 
(1) EH, — EK, = me?(Ky, — yo) = eme? . 


The change of momentum p,— py is: 


(2) Pi— Po = me(K Vy 1 vg) = qme. 


(*) Report at a seminar in P. N. Lebedev Physical Institute of the USSR Academy 
of Sciences, 1950. 
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From (1) and (2) we find: 


(3) a - Vo” | 2(e a| 1 = | : (1 g? +6), 
\ Vo Vo 
4 ‘ig 1 ly.) . 
(4) a RS TS it VE 


V2le—gqVi=1/yî) + 1/y(1—@ +e) 


If yo >1, the equations are simplified: 


The solution shows that in the case of large y, the nucleon can get strong 
excitation (K >1), even if (e — g) is small. The break up of the excited 
system leads to the production of particles. The possible number of produced 
particles is determined by the number 4, and the half angle of their emergence 
by the value 0,=1/y,. A nucleon which was before the collision at rest in 
the laboratory system can undergo similar excitation and decay. 

The problem of the possibility of a new mechanism of the multiple pro- 
duction of particles with a small transfer of momentum has again become of 
interest in view of the new experimental data. Studies of air showers conducted 
by our group during recent years give some indications to an increase in energy 
loss by nucleons in the range of energies 1014 —10” eV. Apparently, cases 
have been found in photographic emulsions when one particle produces at 
first a shower with a very wide-open cone of shower particles, and then a 
shower with an unusually narrow cone of shower particles. 

From the point of view of the above mentioned, both of these facts are 
easily explained. Disintegration of strongly excited nucleons leads to the pro- 
duction of numerous particles of relatively small energies. The decay of an 
excited nucleon which was at rest before the collision leads to the formation 
of a broad shower, while the excitation and subsequent decay of a nucleon 
that was in motion prior to collision leads to an anomalously narrow shower. 

The formation of two independent excited systems in the interaction of 
nucleons may, generally speaking, take place in the case of peripheral col- 
lisions of nucleons when the virtual z-meson of one nucleon hits another 
nucleon. 

However, this process is possible practically at any energy of the incident 
nucleon (H, > 10! eV). In addition, in this case the value «—q on the 
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average should not be too small (= 4) due to the relatively large mass of 
the x-meson, so that the difference in width of the cones of the generated 
showers should not be especially large (six times, on the average). 

The above-mentioned experimental data permit to assume a special process 
that begins at very high energies (2 = 10!' eV) and that leads to a very 
great difference in the width of the generated showers. 

If such a process actually exists, it may apparently be related to a « weak » 
interaction (8 forces), the effective cross-section for which may increase rapidly 
along with energy. 

In this case, interaction is accomplished by electron-neutrino pairs and the 
value of «—q for a moving nucleon interacting with one at rest should be 
of the order of the ratio of the mass of the electron to the mass of the nucleon, 
that is, — 1078. 

In the case of nucleon energy (1014-1015) eV (yo ~ 10°--10°), the possible 
degree of excitation of the nucleon K = V2y0:10-? = 20-40. The width of 
the shower cone in the case of decay of an excited nucleon which was at rest 
before the collision should amount to a magnitude of the order of Ore 


~ /2/(10-?-y,) ~ (1.5 -0.5)-10-1, while the width of the cone from the dis- 
integration of a nucleon that was moving before the interaction is 


CATE 
6, =~ |/ ——— (15 + 0.5)-10-. 
È Vo 


The interpretation of such showers from the point of view of generally accepted 
conceptions leads to energies (which are determined from the equation 
E, = 2mc?/0,) in the first case E, ~ (1011 + 1012) eV, and in the second 
(4017-1018) eV, that is, with errors of 1000 times. 

It is quite possible that there can also be observed stars produced simul- 
taneously both by the ordinary interaction and by the interaction of the type 
under consideration, if in the ordinary interaction only the meson cloud par- 
ticipates and not the nucleon proper. 

Due to a lack of sound experimental data on the existence of such a type 
of process, it is apparently too early to discuss the details of this possible 
mechanism. However, if the existence of such a mechanism were reliably 
established, this would be a serious indication of the existence of a new char- 
acteristic length of the nucleon which is much smaller than » ~ 10-!3 em. 

In this connection, it is necessary to take note of a variant of systematics 
of the elementary particles made by M. A. Markov, in which nucleons are 
characterized by dimensions of 10-29 em. 
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The problem of the one-dimensional development of an electron-photon 
cascade shower (*) may be considered as completely solved. The method of 
functional transformations [1] and the method of momenta [2] make it pos- 
sible to find a sufficiently complete solution of the problem of the behaviour 
of a shower in light and heavy substances taking account of Rutherford scat- 
tering of charged particles and of the dependence of the total absorption 
coefficient of photons on energy. 

The problem of the three-dimensional development of a cascade shower 
cannot be considered as completely solved. Because of the extraordinary 
complexity of the initial equations, the distribution function f(,, E, t, 7,0) of 
particles for energy H, deptht, angles 0 with the shower axis (*), and the distance 
r in a plane perpendicular to the shower axis, has not been found as yet. Such 
is also the case with an analytical expression for the function of spatial distri- 
bution (*). For the function of angular distribution there has been found an 


-analytical expression, which, however, does not take account of ionization 


losses [1]. 

In a number of works (see for example [3]) numerical calculations were 
made of the function of angular and lateral distribution for various values 
of t at E, = o and H =0. However, these calculations are so involved that 


(*) We consider the problem of the average behaviour of showers. 

(+) We consider the shower axis to be the straight line that continues the direction 
of motion of the primary particle of energy E, that produced the shower. 

(x) Throughout the paper, we shall call the function f(E,, E, t, 7, 0) integrated over 
the angles as the function of spatial distribution; the function f(E,, E, t, 7, 0) integrated 
over the plane perpendicular to the shower axis is the function of angular distribution. 
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up to the present time, even an approximate scheme of calculation has not 
been published. 

In the works of [4] the funetions of the angular and lateral distribution 
of particles in the shower were constructed from the moments by the method 
of graphical selection of an arbitrary function, the first several moments of 
which coincide with the precise ones. It seems to us that the method of mo- 
ments is a very promising method for solving the problem of the angular and 
lateral distribution of particles in a cascade shower. 


1. - Let us consider the function @(r, s) that depends on parameter s 
and a number of other parameters defined on the interval r[0, co]. Let us as- 
sume that when r — 0 


(1) Dir 8) =O, syns 
Here (7, 8) 


r+o = const # 0, the value s varies with in the limits (0 ~ 2). The 
moments with respect to r of the function ®(r, s) determined by the equality 


eo (co) 


(2) Fils) = [or syr'rar / | P(r, syrdr , 


0 


we believe to be known. Then it will be easy to see that 


3) Tae) == rerPaI().. 
where the value 


D 
fa 


a (S$) | g(r, s)r” ar | | ors) ar È 
Ù 0 
is the m" moment of the function g(r, s). 

We may note that a knowledge of all the moments of a certain function 
is equivalent to a knowledge of the function itself (the Stielties [5] problem 
of moments). However, in all cases of practical interest it has not been pos- 
sible to obtain an explicit analytical expression for the n°" moment. It is usually 
possible to obtain a numerical value for only several of the first moments of 
the unknown function. For this reason, to calculate the unknown function 
from the moments it is advisable to approximate it by another function, the 
first several moments of which coincide with the moments of the unknown 
function. Let us approximate the function p(r, 8) by means of a sum of poly- 
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I 
OU 
— 


nomials: 


(4) g(r, 8) = exp [— ar] ¥ a,(s)R, (oer, 8) . 


n=0 


The polynomials £,(xr, s) are orthogonal on the interval [0, co] with the 
weight function exp [— a’ ]. We shall determine the coefficients of the expansion 
of a,(s) from the condition of orthogonality of the polynomials: 


(co) @ 


(5) @,.(®= [et s)Rs(, s) dr È [exp [— ar? |R,(ar, s)R}(r, s)dr. 
0 ò 
The coefficients a,(s) are expressed by means of the moments of the un- 
known function. It is natural to believe that the coefficient a,,(s) is a linear com- 
bination of the first » moments different from zero, therefore the polynomials 
(taking account of equation (3)) are expressed by the formula 


n 
== >) Csiro . 


m=J 


It is now easy to write the equations for the determination of the polynomials: 


Ì 0 for n'<n 
6a s+kn'—1 __ 790 | ? 
(ca) fe SD Vian Halon) Or ~ | const 40 for n’ =n, 
(6b) [exp [— ar] (arr, s)RE(, 8) Or = Saw - 
/ 
0 


Here 6,,, is the Kronecker symbol. We may note that (6a) determines the 
polynomials with an accuracy to the normalization constant. The coefficients 

x and f are determined from the asymptotical behaviour of the function (7, s) 
at r > co. If the behaviour of g(r, s) at r > co is not known, then « and f are 
determined from the condition of equality of the two highest moments (of those 
used in (4)) of the unknown function that correspond to the moments of the 


weight function, that is: 


(7) [ose [— ar? |r* ue fos [— aré]dr = rz 
Here k is a certain constant equal to a whole number. Condition (7) signifies 


that given a big k, the weight function should convey roughly the behaviour 
of the unknown function (7, $). 


(0) 
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It should be noted that when f = 1, % = 1, s = 2, the conditions (6) de- 
termine the polynomials that coincide with the polynomials of Laguerre. Putting 
a equal to the minimum value of the total absorption coefficient of photons 
(2) we will find that the approximated equation (4) coincides with the 
equation used in works [2] in calculating the dependence of the number of 
electrons and photons on the energy and the depth in the cascade shower in 
light and heavy substances. We think that the suggested method of approx- 
imation of functions from their known moments may be applied in the solu- 
tion of a broad circle of problems. 


2. — Let us calculate the functions of the angular and lateral distribution 
of particles at the maximum of the cascade shower. At the maximum of the 
shower the value of the cascade parameter s = 1. It may be shown that at 
any value of the parameter s the functions of angular and lateral distribution 
depend on r, 0, and E only in combinations #, = H6/E., a, = Er/E, where 
E, = 21 MeV. In paper [1] it is shown that the function of angular distri- 
bution of electrons P(,, E, t, 0) — const when § + 0, and that P(E,,E, t, 0) ~ 
~ exp [—ar]when r > co. Therefore, in approximating the function 


P(x) 8) = P(E), E, t, 0)/P(E, E, t) ’ 


by means of equation (4) we must put Brest s==.2. Here..P(HJ, E; €) is the 
differential function that describes the one-dimensional development of the 
shower [1]. Insofar as N,(%, s) is an even function, we assume k = 2. We 


lod 


determine the coefficient « from condition (7). Then we at last obtain 


k/2 


P(%_, 1) = exp [— at] > on Vin (cat) « 


n=0 


Here 
x = x 
V(y)=a; Vily)=s5(-—2+ 9); Vy) = 8 (SE 
(3) 9 
V3(y) = 18 (= 48.4. DIY — by? a yf"): 


The polynomials orthogonal to V,(v) are determined by the equality (60), 
their explicit expression is: 


4 y? 2 y® 
Vow) = 93 Viw) =-9 +5; Vim=y-3r +5; 
(8) be È; 


3 
EE 
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The coefficients a, are related very simply to the moments of the unknown 
function: 


safe 3! a? — b! Lat Oe: A 
CEE hie (1 _ 20); ag (4 agar a2? tri n) 
71 ea a 
en o (1 aeree 29); 


In similar fashion, it is possible to compute the integral function (by energy) 
of the angular distribution of electrons, and also the differential and integral 
funetion of distribution of photons. 

It is known [6] that when r > 0 the distribution functions N,(É,, E, t, )drdt 
of the number of electrons with energy greater than E at a depth t,t + dt, 
which electrons are moving at a distance r, r + dr from the axis of the shower 
caused by a primary particle of energy E, is proportional to 


(9) Ni (E Bt, 7) ~ 1h 

Here s is the cascade parameter determined from condition [1]: 
indi, (HARA, (s)t = 0- 

Throughout this paper we assume that In E,/E > 1, therefore we may ignore 

the dependence of s on r. Taking account of (9) we shall represent 

Ny(%, 8) = N,(E E, t, r)|N (Eo, E, t) 
in the form of: 
(10) N,(0,1) = f(a, D/e - 


Let us approximate f(z, 1) by means of equation (4). Noting that f(x, 1) is 
‘an even function, we must put s = 1 and k = 2. The coefficients « and f are 
determined by equation (7). For B we obtain a value very close to 0.5. Noting 
that in paper [7] it was shown that Ni (iy, By ty tr) exp l— aV/Tr,] at r > 09, 
we may put f = 0.5 and determine « from (7). In this case we obtain: 


E 
(11) f(0,, 1) = exp [0°] > ank,(7%7) 


n=0 


x od 


NE >» E SA 1092, 
RAT 2); » = {8835-10 | 


Ey 07/25 R 


— 242a2x + Satu); ... 
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The polynomials that are orthogonal to R,(xx,) are determined by the equa- 
lity (6b); their explicit expression is: 


(1l') (Ri =1; Rt =—120 + 04a; Rt = 6.854-105 — 8.736- 


- 10%x422 + aia: ... 


Using equation (5) we shall find the following expressions for the coefficients: 
M =1; a =—120 + awr?; a, = 6.854-105 — 8.736-10%2472 + ori; ... 


Noting that when x > 0, IE, E; tux) ~ 1/r and N(,E,, E, taxa fT) ~ 1/r it is 
possible to calculate similary the differential and integral function of the spa- 
tial distribution of photons at the maximum of the shower. 


2. — Let us calculate the function of angular and lateral distribution of par- 
ticles in a shower in the case of an arbitrary value of the parameter s. Noting [9], 
we calculate from equations (4, 5, and 6) the function of Spatial distribution 
of electrons. For polynomials R, (a, s) and Ry (x, 8) we obtain the following 
expressions: 


| Tien, 8) = ws a SB; R,(ex, s) = ey Cae id a Ree Po(8)x!!P-1- oar] = 


Pols) Pils) 


(12) 4 B 
| R,(ax, 8) “.. CARIATI — JEP = (l= T,T,)a1t8-1. 
| OG SE Pr(8)ac7B-2 (oar)? ] ; Rea 
| È = + I, 
Rs (x, 8) = x Lo osi LS) = — ——x-2/Bg81 esti, 
| BSS eT 
(13) <} alati rea e ea 
AU aa RT aa *! Bags hae xe 
P1(8) 3£ 4a)X di 144 
— DL, 1° )a-Bgst1 + 843; ... 
Here 


© Po(8) = Th; Pils) =LI,—- IT; P2(8) =e LD LIT 
pl ATE L, = [Ts + n)/B] 


the Euler y-function. Using equations (5, 12, and 18), 


we obtain following 
expressions for the coefficients a,(s): 


ACI E AC = Lo /Bpe 
PL Ll Ll — 
a,(8) = La < > g°IBpa . gra. 
a pls) p(s) È io pens 


— 
vi HRR 
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The coefficients x and 6 were found from equations (7); 6 was found to be — 0.5. 
Taking account of the results of paper [7], we may put 8 = 0.5 and determine 
x from (7), which is what we, as a rule, took into account in numerical calcu- 
lations. We assumed the value N in (4) to be equal to X/2, where K is the 
number of the highest moment used in the expression. We may note that from 
(12) and (13), given corresponding values for s,« and f it is possible to obtain 
expressions (8) and (11) as particular cases. 


4, — In order to pass to numerical calculations of the unknown functions 
of distribution it is necessary to know several of their first moments. By a 
method analogous to the one used in papers [4], we obtained recurrent: alge- 
braic relations for calculation disregarding ionization losses of n angular and 
lateral moments of the distribution functions of particles in showers. Using 
these equations, a calculation was made of the numerical values of the first- 
three even moments of the unknown functions in an interval of values of the 
cascade parameter s from 0.1 to 2.0. The results of the calculations of the 
electron moments are given in Table I, of photon moments, in Table II. 


TABLE I. — 6” and r” values for electrons. 
Pee. ot eee ee ee r 
< | 
0.1 1.88:10-1 | 1.25-10-2 | 1.75-10-1 | 1.38-10-2 | 4.29-10-3 | 6.56-10-3 
Oe e2Glal0- 231-10 |) 4.21 10> | 3.82-10-2 | 2.72-10-2 | 8.90-10-? 
0.3 | 3.17-10-* | 3:31-10-* | 6.98-10-4 | 7.14-10-2 | 8.19-10-2 | 4.30-10-% 
0.4 3.65-10-1 | 4.28-10-1 | 1.01 | IIS LO LO SIO1GLO AME 148 
0.5 | 408-101 | 5.24-10-1 | 1.34 1.69-10-1 | 3.98-10-1 | 4.36 
0.6 4.46-10-1 | 6.18-10-3 | 1.68 9.37-10- | ‘7.35-10-1 | 1.19-104 
Peo } 4.81-10 | 7.08-10-* || 2.03 pee.21 40-291) 1:35 3.10- 10! 
0.805) 3-102 |, 7:95°104 || 2.39 4197-10-41 | 9:35 7.98-101 
0.9 BAL IOS W877 10-8 | 2:74 5.55-10-2 | 4.18 1.96: 102 
1.0 5.69-10-1 | 9.57-10-1 | 3.10 RO 4106 7.28 4.96-10? 
1.1 5.94-10-1 | 1.03 3.44 | 9:37-10-1 | 1.29-101 1.21- 103 
Lao 6.16-10-1 | 1.10 3.76 | 1.21 | 2.22-101 2.86-103 
13 6.32-10-1 | 1.16 | 4.06 | 1.84 3.80-10! 6.54- 103 
eae) 54010 | 1.23 | 4.36 2.02 6.70- 101 1.52-104 
1.5 670-10 |) 1:28 4.63 | 2.62 | 1.16-102 3.45: 104 
1:6 0) (6:85-10- | 21.33 4.89 | 3.41 | 2.01-102 7.66- 104 
17 6.99-10-1 | 1.38 5.12 4.46 3.45-102 1.69-105 
1.8 711310 | 1.42 5.34 epee? 5.89-102 3.66 - 105 
1.9 7.22-10-1 | 1.46 5.53 Mezia5 | 9.78.10? 7.67-105 
2.0 732-10! | 1.49 5.69 | 9.70 1.59- 108 1.55-10 


In paper [8], another procedure was used to calculate the values of 62, Or 
and 7? of electrons for s from 0.1 to 2.0. The values of these moments that we 
calculated for s from 1.1 to 1.9 differed by several per cent from those obtained 


F 
‘7.56 V. V. GUZAVIN and I. P. IVANENKO ì 
TapLe II. — 6" and r” values for photons. 
— = aa — —= -—- _ — — = rage. 1 PA i: ee = — = = T ca I 
S 0? 64 0 r? | ri | r6 
0.1 6.63 - 1078 9.99-10-8 | 2.11-10-8 | 1.69-10= 107 1220022 


o, 
ri 
Or 


0.2 1.84-10-2 34:10 | ‘9,15410=* | 9:887107* 9.36 -10-3 DAS 
0.3 Bey 1, S42 10r2 ieee 07 Ose NOT L02290 MI5 L61085 5.49.10 
0.4 D.05 lO Seo Ose 52921032 042102018910 3.18 
0:5) 619101028 L95102 8.79-10-° 1,22°10 | -6.06-10-* 21.40 10! 


0.6 8.98: 107 7.00: 10-2 1.34:-10+ Lap elle kes 5.08- 101 
CT |e WITS LOS 0365103" | e BIO LOS 3.41-107} 3.15 1.62: 10? 
OS MSN 120310 2.56: 10> piezo 10> 6.72 4.74-10? 


| 

| 

0.9 1541055 1.48-10°1 | 3.30-10-1. | -7.81-10- | 1.40-10! | 1.29-108 

Lala 7610-14 1787107") 414510 La | 2.64-101 3.34: 10? 
| 


1.1 | 1.98-10-1 | 2.09-10-1 | 5.04-10 | 1.60 4.96-10! | 8.28-10* 
1.2 | "2.18-10* | 2.41<10- | 5.98°10* | “2.22 9.10-101 | 1.28-10* 
18” 23751073) |\v2.71= 1046.3892 10-22 93-02 | 1.61-102 | 4.51-104 
1.4, | 2.58-10-1 | 3.06-10-1 |. 8.00-10-3 | 4.13 2.31-102 | 1.04-105 
1.5) | 2777-10. | 3.38:10- | .9.03-10-%)|- 6.54 | 4.96-102 | 2.30-105 
1.60) |, 2-052 10 |) 3.7110) | eG) | 7.38 | 8.51-102 | 4.99-105 
Lone 003. Los 03 TOA | 112 9.82 | 144-10 | 1.07-10* | 
1.8 | 3.30-10-1 | 4.34-10 | 1.22 1.29-10 | 2.41-10% | 2.25-108 
1.9 | 3.46-101 | 4.64-10-2 | 1.32 | 1.67-101 | 3.92-10® | 4.57-10° 


2.0 | 3.60-10-1 | 4.92-10-1 | 1.42 2.15-10! | 6.26-10° | 8.99-10 


in [8]. Fig. 1 gives the values 92, Or, and r? which we calculated from the data 
of (8). It should be noted that our calculations of 62, Or and r? using the equa- 
tions of paper [8] coincide, to three decimal places, with the results of our 
earlier calculations and, consequently, for S from 1.1 to 1.9 differ by several 
per cent from the figures given by the authors [8]. The results of our calcu- 

lations for S = 1 coincide with the values of the moments given in [4]. 
The results of calculations by means of equation [8] of the differential 
angular function using the first three even moments (N = 3) are given in 
Fig. 2 (curve 1). A series by moments (8) de- 


calculations. Dashed curves are constructed according 
E ESTE to BORSELLINO’s paper [8]. 


16?(5), Or(s) 72 (5)h termines the function, only the first several mo- 
LI Br 9 ments of which coincide with the precise ones. 
: ie The higher moments of this function will differ 
ral Psy from the precise ones. However, noting that the 
ce ; Pat asymptotic behaviour of [8] coincides with the 

47 
06 46 
05} 5 SARE = 
out 4 Fig. 1. — 07, 0r and r? electron values for various values 
031 3 of the age parameter s, calculated neglecting the ion- 
02 2 ization loss. Solid curves represent the results of our 
1 
0 
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asymptotic behaviour of the precise function when 1 + co, it may be expected 
that the higher moments of function (8) differ but slightly from the precise 
ones, and that function [8] differs from the precise one by not more than 
several per cent in a broad range of values 


of x. Using expression P(x,, 1) calculated A 109 P(xg.1) 
from (8) at N = 3, we calculated 98 and se 


Mo. It turned out that the calculated 1 
values 68 and #10 coincide with the precise 


“4. ; OL 
ones within 15%. 
The value of the moment 0@ is deter-  ~! 
mined principally by a certain finite in- a 


terval of values x, that depends on n. 
Therefore, by comparing the values of the 
function P(x,, 1) calculated, for example, ~‘ 
from two (curve 2, Fig. 2) and from three 

(curve 1) even moments, it is possible to 

determine the limits of applicability with Fig. 2. — Differential functions of 
respect to # of approximation [8]. From angular distribution reconstructed 


È SALTO 5 2 from their first two (1) and three 
2 hat n g onl 
Fig. 2 it is seen that even in using only (2) moments. The dashed curve is ta- 


the first two moments, the approximation ken from [4]. The results of the cal- 
[8] makes it possible to calculate P(«,, 1) culations [1] and [2] are also re- 
in the interval x, from 0 to 3 with an presented there. 

error that does not exceed 10%. Curve 3 

shows the results of calculations carried out in [4] by the method of graphical 
selection of an arbitrary function, the first three moments of which coincide 
with the precise ones. Curves 1 and 3 are in good coincidence with each other. 
Curves 4 and 5 are depicted on the same figure. These curves are constructed 
from the data of papers [1] and [9]. Table IIT lists the values of the first two 


Belenkij 

2 

N] a 
Eyges.Fernbach 


Molière 


1 2 3 


Tape III. — 6” values at the shower maximum according to different authors. 
iy se ees EYcEs and | | 
gr | vi i MOLIÈRE | BELEN'KIJ 
| FERNBACH 
ag | ete 
| 8 0.570 | 0.602 0.655 
| a | 0.959 | ipso) | 1.43 


moments that correspond to these curves. Curves 1 and 3, constructed from 
the same moments are in good coincidence with each other. The moments that 
correspond to curve 4 are greater than the precise ones, and those that cor- 
respond to curve 5 are less than the precise ones. For this reason, given big 
x, curve 4 is above 1 and 3, and curve 5 is below them. 

The results of calculations, using equation (11), of the integral lateral fune- 
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tion of electrons for the first three moments are given in Fig. 3. Using ex- 
pression f(x,, 1) when k/2 = 3, we calculated 78 and rv. It was found that the 


I 


lo g 55 
14 9%p NA, 5)] 


1 


1085 1077 107! 1 > 3 DE 


Fig. 3. — Integral functions of lateral distribution of electrons reconstructed from}their 
first three moments for various values of the age parameter s. 


calculated values of rs and r coincide with the precise ones within 10 OR 
Paper [10] developed a method of calculating the functions of the angular 
and lateral distribution over the moments, 
log Mp(Xr,1) which method utilizes the Mellin trans- 
formation. The developed method enables 
one to calculate with satisfactory precision 
the distribution functions for large values 
of the argument. Thus, method [10], when 
using the first four moments, makes it 
possible to calculate the function of an- 
gulardistribution for 0.5 << 3. A com- 
parison shows that the function obtained 
within the limits of 10% coincides with the 
L Desa function constructed according to (8). It 
| should be noted that for this purpose we 
BO ae Integral function of lateral 3 

distribution of electrons at the shower required only three (or even two) moments. 
maximum (s=1). The dashed curve Fig. 4 shows a function of the lateral 
is constructed according to ref. [10]. distribution constructed by the method of 
[10] according to four moments, curve 1 
and curve 2 constructed according to (11) when VN =3. From # ~ 1 to # 15, 

the curves are in good agreement with each other (*). 


(*) In order to evaluate the accuracy of the curve from x = 0 to « ~ 1, we com- 
pared the differential curve, which we had calculated, with the data of Molière [10]. 
It appeared that in this region, the curves diverge not more than 200 rine ay = (0): 
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Fig. 3 shows the results of calculations of the integral lateral function of 
electrons calculated from the first three moments from equations (4, 12, and 
14) for s from 0.4 to 1.1 through As = 0.2. In order to determine the bor- 
ders of applicability with respect to w of the approximation that was used, 
calculations were made of the functions N,(x,s) with the use of the two and 
three first moments for S = 0.5, 1.0 and 1.9. The results of the calculation 
are shown in Fig. 5, from which it is seen that up to «~ 6 the curves diverge 


2-s 
log X-  Np(X r,s) 


2-5 
aL logx 7 Mp(M;,5) 


Fig. 5. — The solid curves represent the cur- Fig. 6. — The solid curves are the 

ves of Fig. 3 for three values of the para- same, as those in Fig. 3. The 

meter s. The dashed curves are reconstructed dashed ones are constructed accord- 
from the first two moments. ing to ref. [4]. 


not more than 10%. In paper [4] the moments were used to construct func- 
tions for s = 0.6; 1.0; 1.5 by the method of graphical selections of an arbi- 
trary function, the first three moments of which coincide with the precise ones 
(see Fig. 6). In costructing N,(x,1) the authors made considerable use of the 
results of calculation [9] of the function of lateral distribution, which fun- 
ction is precise for small @«. A comparison of N,(x, 1) from [4] with ours shows 
that within the limits of 10% the functions coincide. When constructing 
N,(x,s) for s = 0.6 and 1.5 the authors assumed that the nature of the beha- 
viour of N,(x,s) for x->0 differs but slightly from the behaviour of N,(x,1) 
and they considered that the nature of the peculiarity for 4 >0 for the given 
s does not affect the behaviour of the function for x > 0.2- 0.4. 

A comparison of the functions N,(w, s) for s = 0.6 and 1.5 taken from [4] 
and calculated by (4), (12), and (14) shows that they differ essentially (about 
twofold) and the functions constructed from (4, 12, and 14) in the assumption 
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that. N,(#, 5), 1/0 when ¢ = 0.6 and 1.5 coincides with the functions 
obtained in [4]. 

The results of the calculation of the differential and integral function of 
lateral distribution of photons for three moments from equation (11) are shown 
in Fig. 7. The same figure shows the corresponding functions taken from pa- 
pers [4] and [9]. The comparison shows that with the exception of the region @ 
near x = 1, where the curves of [4] and [9] sharply change their inclination, 
the curves coincide satisfactorily. 

Analogously, it is possible to calculate the function of the angular and lateral 
distribution of photons, given an arbitrary s. Thus, the proposed method enab- 

les one to calculate the functions of angular and 
blog f, (X,.1) lateral distribution of particles of a cascade shower 
in a broad range of values of the parameter s and ar- 
guments # with an error of the order of 10% by using 
the first three moments of the unknown function. 


Fig. 7. — Functions of the lateral distribution of photons. 
1) integral function constructed from the first three mo- 
ments. 2) integral function constructed according to [9]. 
The solid curve is the differential function reconstructed from 
the first three moments; the dashed curve represents the 


curve is the differential function according to ref. [4]. 


REFERENCES 


[1] S. Z. BELEN'KIJ: Avalanche Processes in Cosmic Rays (Moscow, 1948). 

P. IVANENKO: Zu. Bksper. Teor. Fiz., 81, 86 (1956); 32, 334 (1957); Dokl. Akad. 

Nauk SSSR, 107, 819 (1956). 

[3] J. Nisnimura and K. Kamara: Progr. Theor. Phys., 5, 899 (1950). 

[4] L. EyGEs and S. FERNBACH: Phys. Rev., 82, 287 (1951); L. Eyes: Phys. Rev. 
82, 23 (1951); S. FERNBACH: Phys. Rev., 82, 288 (1951). 

[5] E. Trrémars: Introduction to the Theory of Fourier Integrals (Moscow, 1948), 
p. 406. 

[6] J. Ja. POMBRANCUK: Zu. Hksper. Teor. Fiz., 14, 1252 (1944); A. B. MIGDAL: 
Zu. ÉEksper. Teor. Fiz., 15, 313 (1945). 

[7] B. Cuartress and H. MesseL: Proc. Phys. Soc., A 67,.158 (1954). 

[8] A. BorsELLINo: Nuovo Cimento, 7, 323 (1950). 

[9] G. MoLIÈRE, in Cosmic Radiation. (New York, 1946). 

[10] B. CHartress: Phys. Rev., 105, 707 (1957). 


=> 
bo 
za 
= 


differential function according to ref. [9], the dot dashed © 


SUPPLEMENTO AL 
DEL 


VOLUME 
NUOVO CIMENTO 


WILL, 


SERIE 


xX 


N 2 


1958 


2° Trimestre 


Studies on Transverse Momenta of High-Energy Jets 
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CO-OPERATIVE EMULSION GROUP IN JAPAN (*) 


It has been suggested by one of us that transverse momenta of shower 
particles with respect to the shower axis are one of the most important quan- 
tities for the study of dynamical properties of high energy jet showers. 

Some results of this analysis have already been presented by Z. KoBA on 
the sixth Rochester Conference of last year, and the experimental data avail- 
able at that time are shown in Table I. 


(RABE We 


Emulsion 


Primary energy 


Secondary energy 


Transverse momenta 


Schein star 1018 eV 109 = 101° eV 100 MeV/c = 200 MeV/c 
| Rochester 1033 eV. UO 2Ie\ 600 MeV/c 
Air shower 
Cornell (1013 = 1014) eV | 6-1011 eV several hundred MeV/c 
| George | (1011 = 1012) eV | IOLUTGAVA 100 MeV/c — 200 MeV/c 
| Soft comp (1014 — 1045) eV | (1012-— 1019) eV a few hundred MeV/c — 


a few GeV/c 


(*) Kobe University: S. HaseGAWA, O. MinaKAWA, M. TSuzukI, Y. NISHIMURA 
and H. YAMANOUCHI. 
Rikkuo University: H. Aizu and H. HASEGAWA. 
Saikyo University: Y. Isum and S. TOKUNAGA. 
Wakayama University: K. NISHIKAWA. 
Yamanashi University: K. ImAEDA, M. Kazuno and H. Mort. 
Institute for Nuclear Siudy: Y. Fuyimoro, J. NisHimura and K. NIv. 
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From this result it was plausibly concluded that the transverse momenta 
of secondaries are quite small even when the primary and the secondary 
energies are very high, and they seem to be insensitive to the energy of 
primary particles. 

In order to get further experimental information on the transverse mo- 
menta of shower particles, the project 
so called « Emulsion Chamber Pro- 
ject» (E.C.P.) has been carried out in 
the last summer with a collaboration 
of several laboratories. 

The energy of the shower particles 
in jet showers has to be measured for 
Inhomogeneous matter Homogeneous matter the determination of their transverse 

Fig. 1. — Principle of our E.C.P. momenta. The energy of neutral 
x-mesons is measured much more 
accurately than that of charged z-mesons as shown later, if the cascade showers 
developed from neutral 7-mesons are well followed. Information on neutral 
m-mesons may, perhaps, be generalized to those on charged 7-mesons as shower 
particles of the jets. Thus, the Emulsion Chambers were designed so that 
neutral r-mesons are well detected and energies are accurately measured. 
Particular care was taken to observe separately each cascade shower developed 
from each y-ray produced by neutral x-mesons (see Fig. 1). 

Nuclear plates are piled up together with plates of materials. We put low Z 
material in the upper part of this chamber and the high Z material in the 
lower part. 


y-rays from the neutral x-mesons emitted by those jet showers produced 
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in such low Z material layers penetrate through without any materialization 
until they reach high Z material layers. Thus, when the cascade showers 
corresponding to these y-rays start to develop in high Z material, y-rays have 
already passed some distance, and they have some spatial separation. 

17 Emulsion Chambers have been flown by 8 plastic balloons (5600 m?), 
and 13 of them were recovered after successful flight. Each chamber consisted 
of 17 G-5 6 in. x8 in. x 200 um nuclear plates, 10 carbon plates of 8 mm thick- 
ness each and 8 lead plates of 5 mm thickness. 

Most of these chambers have been so far scanned. (2-4) jets of more 
than 3 cores with good separation are found in each chamber. Thus we have 
found about 30 such jet showers, and some of them are shown in Fig. 3, 4, 
5 and 6. 


The actual process of our analysis is as follows. 


A) The development of a separated cascade shower is inspected. Com- 
paring its transition curve with the theoretical one, one can estimate the 
energy of the primary y-ray of each shower. 


alli ae : È finder the ons Cascade Unit af Fo. 


& 


‘Under the three Cascade Unit. of Po, 


Fig. 3. — Event S.H.1: the energy of the primary is expected to be —10!! eV. 
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A special three dimensional cascade theory without Landau’s approximation 
is prepared (see Appendix A), and for the actual numerical evaluation 
corrections are also made for the thick- 
ness of the glass. Thus the errors of 
the theoretical curves are expected to 
be at most from 20 to 30%. 

The actual analysis for the event 
T.H.4 is shown in Fig. 7. Here the 


6 
SSCP ESSE- 


Fig. 4. — Separate electron showers of the Fig. 5. — Separate electron showers of 
event S.T.1. the event S.T.4. 


relative errors for the energy determination quoted are VN, where N is 
the number of electrons at shower maximum. 


B) Tracing back the direction for each of the separated cascade showers in 
several plates one may determine the point of production of the jet shower. 
Using the relation of the opening 
angle of 2 y-rays belonging to the 
same 7°-meson, we examine the all 
possible combinations of separate 
electron showers. 

The combination is usually un- 
iquely determined for electron show- 
ers with less than 6 cores, using the 
energies of y-rays determined in A). 
After the most probable combination 
is determined, energies of meson 


Fig 6. — One of the high energy electron 

showers of the event Yo.N.1: The energy 

of the y primary of this electron shower 
| 100 um is expected to be 5-102 eV. 
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are estimated using again the T.H. & 
i : ‘ 40 
relation between the opening 


angles of 2 y-rays and the energy 
of 7°-meson. 
The accuracy of this energy 


estimate is quite good, and in 
general the errors introduced are 20 
less than 10%. The actual ex- 210 
. ° 
ample for the event T.H.4 is £4 Energy of primary yy-rays 
shown in Fig. 8. SI of each cascade shower 
i ® 
The most probable combina- ine: E, = 20+030x10" ev 
tion is the couple of (1,2), (3,4) ° Ep= 1,740.27 
ce. 2 10 = 10+ 
and (5,6), and the next probable = 3 ee 
à x : RR 
one is that of (1, 3), (2, 4) and (5, È E,= 0.8+0.16 
6). For the criterion for this deter- : Es = 0.20.07 — 
mination, we take the ratio R of r 10 


(expected) to r (observed), where 
r observed is the distance between 
2 y-rays, and r (expected) is cal- 
culated using the energy deter- 


mined in Fig. 7 
We take as the most probable one, that in which the values of those ratio 


ee) eA Tea: 
7. — Analysis of the event T.H.4. 


is nearly one. 
The ratios R for this event are as follows. 


Most OL | Next QI 
|_ Ta A he ia 
_ couple | | couple | R 
| ae Ree Ee 
Ma) OOO LI Pasi 030,08 
(3, 4) 0.70 + 0.13 | (2,4) | 0.32 £0.06 
| (556) 0:93 40.225) (5; 6) | 0.93 + 0.22 
FHL pid Using the most probable combination, and 
AR again the relation between the opening angle of 
2 y-rays and the energies of 7°-mesons, we get 
RR a(s) information of energies of 7°-mesons. Then the 
Fans menta) ae _, centre of transverse momenta is determined. 


The energies of 7°mesons thus determined 
and the transverse momenta are. 


Fig. 8. — Combination of 2 y-rays, determination of 
energies of r°-mesons and the centre of transverse 
momenta of the event T.H.4. 
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H Pa 
(1011 eV) (MeV/c) 
x ie ae 
ì (1, 2) 2.14 + 0.22 480 + 39 
(3, 4) 0.96 + 0.09 308 + 24 
(5, 6) 0.85 + 0.13 411 + 52 
—_— | ©’) We take the céntre of transverse momenta as the shower axis. Then 
î we get the transverse momenta of each 7°meson. The example is also shown 
, in Fig. 8. 
q TABLE II. 
| Event No. of cores Origin et) et lo) 
5 TAL, Hf A 1013 272 
252 
| i 225 
x 284 
atti 5.H.1 14 (8; 1014 * 
X 
Hel. 6 A TOR 116 + ‘23 
i 361 + 73 
284 + 57 
oY 
Ù T.H.2 4 C 4-101 286 
fi T.H.3. 5 C 2-10! 289 + 80 
ea 381 + 108 
| 661 + 185 
x AWE ae 6 C 4-10" 481 + 38 
ù 308 + 24 
i Alle a2 
i KAGL, 4 Cc ù i 
MK.1.'. | 4 € * * 
: | 
BEM. 4 C di 7 
Ya.N.1. 4 C LOS 192 
; Wo Nel 16° A 1014 * 
A: outside the chamber; C, chamber. 
* Not vet analysed. 


j ì 
e) 


ee eee a al A E i Colo rate di N ISPA Aa sie 
ee, TINI A N da ix ies : L 
A ab x x ~ - Ul Vea 
% | hes ee Ue Is gi : 
* N 4 P Pi é \ ‘ I 
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TABLE II (continued). 


Event | No. of cores | — Origin fa Lo oe 
> | . I | MEV) Lee CL Mev ic) 
Yo.N.2: 4 A di di 
Yo.N.3 4 G b= LO 146 
T.0.2 5 re | 7-1012 | 285 
| | | 186 
| | | 143 
T.0.3. | 4 * | * * 
LR Ag 4 * * * 
SL i ESE ae * seit 
NERI | 4 C 8-102 600 + 30 
SI | 8 | A | 8-1012 bo 121 78. (018342 
| 248 230 178, 
| SA 49, 53 
| 348 300 234 
Ou ye 11 Cc | eno =] 4704 450, 577 
| | INSSTO 78 93 
| | 210 561 190 
| | 414 198 600 
475 476 485 
SE | 4 C a 280 
gem. 6 C ; 514 | 
| | 289 
518 
METE 6 | PL e 6-10! | a) 196 
| 146 
| | 62 
| A: outside the chamber; C, chamber. 
| * Not yet analysed. 
** For these showers, we can not make a unique combination of y-rays, so we here present 


| the values of P, for 3 different combinations. 


The data now available are shown in Table IT, and it results from these that 
the values of transverse momenta are ranging from 100 MeV/c to 500 MeV/c. 
After the scanning and the analysis are completed, we make some cor- 
rection for the uncertainty in the determination of the shower axis and get 
information on the distribution of transverse momenta of high energy jet 


showers. 
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APPENDIX A 


Three dimensional cascade theory without Landau’s approximations. 


The theory here presented is a revised calculation ot N.K. function (Progress 
Theor. Phys., 7, 185 (1952)), and is including rigorously the contribution of 
single and plural scattering. For the treatment of the effect of Coulomb scat- 
tering we follow Moliére’s scattering theory, (see BETHE: Phys. Rev., 89, 1256 
(1953)). The course of our calculation is somewhat complicated, and we will 
give here the final results. 

Let x(r)22rdr be the total number of electrons lying the annual ring bet- 
ween r and r + dr at depth t of a photon-initiated shower with energy E. 
Then x is given by the following formulae, in the notation of Rossr and GREISEN, 


ali 
t= WO + = 
G 


where G== 12:9, and K =17.5 MeV ~for lead’, 
afl gas) 8 2 /g2y2\-P-1 

een cal di 8 Fl Tp + 1L'2p + 8)M(p, 0, —2p — 8, 8, t) ds dp 
1 ie ig EN ere 

m= RE) earn 

1 a 3 


ve + TL) vii 2)=-In Kk? Si 2y(2p | È n 1) ; Ne bine Tasty 


-M(p, 1, — 2p — 2) ds dp, 
and M is given by 


M= lim N, 


(É- t)->0 


Dp it n 
Dl (- a) L™ ($+2p + 2u—q)Np—n,n+u,9,8,t) = 


CS.) 
ii 


+ u(E —t)?N(p, w —1, q, 8, t) + (8 + 2p + 2u + q)q: 


p{e—or(1— gm e—oll vy, was 0+ 


al 
-M(p, U, Goals 8, 1) — a PIND_I, WU + Lr 8, DE 
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{exp [A(s)t] — exp [4:(5)t]}. 


For the analysis of the event in Emulsion-Chamber, numerical calculations 
are made for the shower in lead plates, where the corrections are made ofr 


the thickness of the nuclear plates 
between the lead plates. 

In order to test the accuracy of 
this funetion, we have calculated the 
theoretical curves for the showers in 
emulsion and compared with Pinkau’s 
results in Fig.9 (Nuovo Cimento, 8, 
1285 (1956)) and agreements between 
them are quite good. 


Fig. 9 — The energy of the data is de- 

termined experimentally by Pinkau, and 

the solid curves are those calculated by 
the theory in App. A. 
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On Some Interaction Characteristics of Very High-Energy Particles 
and Their Interpretation from the View Point 
of the Hydrodymical Theory of Multiple Particles Production. 


G. A. Medin and I. L. ROZENTAL' 


P. N. Lebedev Institute of Physics of the USSR Academy of Sciences - Moscow 


Lanpat [1] basing on the idea stated by FERMI [2] employed 
relativistic hydrodynamics for description of the very high energy particle 
collision. The first attempts [3] to compare the conclusions of hydrodynamical 
theory with experimental data on the multiplicity and angular and energy 
distributions of secondary particles already showed that the hydrodynamical 
theory satisfactorily described many multiple process characteristics. How- 
ever, by comparison of the theory with the experimental data taken from the 
analysis of showers recorded in photographic emulsion and of extensive air 
showers, a number of essential additional assumptions was made. These as- 
sumptions, in spite of their natural character caused a certain obscurity of 
the conclusions. Thus, for example, it was assumed that the collision of 
nucleons with heavy nuclei took place in the co-ordinate system in which motion 
of substance was symmetrical. In order to describe these collisions one can 
use the model according to which a particle simultaneously interacts with the 
nuclear substance cylinder. The extensive shower analysis carried out on the 
assumption that the nuclear interaction cross-section is independent of energy, 
and neglecting fluctuations in the cascade development, etc. On the other 
hand, also the formal part of the hydrodynamical theory is not complete. 
Indeed, the mathematical aspect of the theory reduces to the solution of equat- 
ions of the relativistic hydrodynamics at the initial conditions corresponding 
to the energy concentration of colliding particles in the relativistic compressed 
volume of a nucleon/energy equipartition within the limits of the disk with 
diameter h/we, and length h| we M/E,, where 4 is the z-meson mass, M is the 
nucleon mass and £, is the colliding particles’ energy 


hè ae A 
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in the laboratory co-ordinate system). In his fundamental work LANDAU 
separates the solution of the above formulated complex problem into two 
Stages. The first stage corresponds to the one-dimensional motion (i.e. lateral 
deflection is neglected) considered approximately. The second stage corres- 
ponds to the so-called conic motion, e.i. such process, when energy and entropy 
fluxes inside any cone with the axis coinciding with the direction of primary 
particle motion, are constant. However, the application limits of the conic 
motion are obscure. One can affirm only that the role of the conic motion 
increases with the colliding particle energy but, perhaps, it plays its 
role only at energies exceeding the experimental ones. In order to over- 
come this difficulty, another solution of the hydrodynamical equations was. 
proposed. This solution was based on a method analogous to the successive 
approximations method [4]. 

Precise solution of the one-dimensional problem made by HALATNIKOV [5] 
was selected as the first approximation. The second approximation was formed 
from the first approximation solution sum and some}addition considered 
small in comparison with the first term. The condition that this term 
be small in comparison with the first term is the condition of application of 
the whole approximation. It was found that for the final temperature value 


_1.5pe 


hee eae (k is Boltzman constant), 


and for primary energies being not very high ((10!*--10!)eV) the one- 
dimensional approximation gave a good description of the problem of solution. 
At T,~ye?/k the one-dimensional solution is of the correct order of mag- 
nitude (*). The one-dimensional variant of the theory permits to consider also 
an important part of the process—the leading edge, which has not been con- 
sidered before. 

Comparison of the one-dimensional variant conclusions and the theory 
including the conic motion shows that most of the characteristics predicted 
by the both variants are similar. However, one distribution, namely, the 
distribution of transverse components (+) p, of shower particle momentum as 
we shall see further, is found to be different. 

At the same time this characteristic plays a peculiar role at the theoretical 
and experimental data comparison. Indeed, in order to check directly the 
theory one must first of all to consider such collision characteristics which for 
their interpretation, are independent (or practically independent) of additional 


(*) The estimates of the lateral motion influence showed that the one-dimensional 
solution at 7; — uc*/k had the accurace of ~ 20%. 
(+) Z.e. momentum components being normal to shower axis. 
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assumptions, the correctness of which it is difficult to estimate. The distri- 
bution of transverse components 7p, is one of such characteristics. At the 
conic stage introduction the distribution of transverse components is deter- 
mined by the hydrodynamical components, while their thermal components 
are assumed to be negligible in compare with the first ones. In this appro- 
ximation the average transverse momentum p, © M. While in the one-dimen- 
sional variant the distribution of values p, is determined only by the thermal 
motion. Using the well-known expression for the particle density dN in the 
moment interval dp,dp,dp,, we shall find in such approximation the trans- 
verse momentum distribution: 
g dp, dp, dp. 


hi AN = (rho) exp [le— w)/kT) +1’ 


where g is a number of the particle internal degree of freedom, e is the particle 
energy, and yp is the chemical potential which is assumed, according the hydro- 
dynamical conception, to be equal to zero. The minus sign determines 
Fermi particles. After integration by p, the distribution of transverse com- 
ponents will be 


(2) AN 3 meda. = pees tes 
eee) ‘J explevat + 0 +1) 44 
where 
Pa eee Se poets 
me MAGS: OT (me 
Using the ratio 
dx © 
(3) | “ee ve a Te \n= le fon Aon 
Seo tee, e en DAR Ray et 


0 


(K, Bessel function of imaginary argument) and integrating by the angle in 
the cylindrical co-ordinates we have finally: 


e | me tel a Z me? ip a d 
(Ai edi, =v pte £5) Fy K | | 3 o 
: Op Qo? \ h Di 3 amey me ni (me)? 


The theoretical distributions of transverse components according to (4), 
caleulated for Bose particles and different T,, are plotted in the Fig. 1 (con- 
tinuous lines). 
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Until recently the experimental data on the distribution of trans- 
verse Components were very poor (only the estimates of the average value were 
available). However, the situation has improved due to the recording of the 
high energy unique shower (DE- 
BENEDETTI, GARELLI, TALLONE 
and VIGONE [6]). Owing to the 
unusually long particle path in 
a photographic emulsion the au- 
thors of the cited work were able 
to measure by scattering the mo- 
mentum of the majority of secon- 
dary particles (35 out of 39). As 
their angular distribution was also 
known, it became possible to 
calculate simply the distribution 
ot values p,. This distribution is also plotted on the Fig. (dotted curve). 

A rather similar distribution of transverse components was also obtained 
on the grounds of measurement of the complete momentum of secondary x°- 
mesons by the pairs connected with them [7]. In this case the distribution 
of transverse momenta had also the maximum in the region (1+2)ue. 

From the comparison of the experimental and theoretical curves transmitsone 


can draw some important conclusions. 


1) The one-dimensional variant of the hydrodynamical theory transmits 
satisfactorily the character of the transverse component distribution. 


2) The best agreement of both distributions is at 


Dar) 

It is already difficult to reconcile the values T,= 4uc?/k and T,= 3uc?/k 
with the experimental data, though it is impossible to exclude these values 
absolutely because of the scarcity of experimental data. The value 7, = pe?/k 
coincides with the indications previously got basing on the analysis of different 
experimental data (shower composition [8], energy spectrum [4] (*)). 


(*) It is necessary to note that since we neglect some influence of the hydrodyna- 
mical transverse components the cited values of 7"; are, strictly speaking, the max- 
imum values of 7’. 

(") Here it is necessary to point out particularly Koba’s calculation of the value 7, 
by the percentage of heavy nuclei in showers [8]. The theoretical value of this charac- 
teristic is also independent of the collision conditions. However its experimental value, 
obtained with the help of photographic emulsion, contains some indefinite factor- 
(the number of recoil nucleons, some uncertainty in the selection of the radiation 


lenght unit [9], etc.). 
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3) Since the temperature value 7, is directly connected with the inter- 
action cross-section value of secondary particles [10] (substantially, 7-mesons), 
we conclude that this value by its order is equal to the geometrical nucleon 


eross-section (h/ue)?. 
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Multiple Production of Particles in Jets. 
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1. — Introduction. 


Jets observed in photoemulsion arise due to interaction of nucleons of high 
energy (E,> 10” eV) with substance. The following cases are possible: 


1) Interaction of a nucleon with internal parts of a heavy nucleus; 


2) Head-on interaction of a nucleon with one of the surface nucleons 
of the nucleus, or with a nucleus of hydrogen (nucleon-nucleon interaction) ; 


3) Peripheric interaction of a nucleon with a nucleon, taking place 
when the nucleon passes at a distance b > h/uc from the edge of the nucleus. 


The numbers of such cases [1] in photoemulsion relate to each other 
ag 103:56:31 = 3:2:1. 


2. — Collision of a nucleon with an internal part of a nucleus. 


The first two cases were treated in detail in ref. [1]. When a collision of 
a nucleon with a nucleus occurs, the nucleon cuts a tunnel in the nucleus 
and interacts only with it. To interpret such cases, it is necessary to de- 
termine two values: A) the length of the tunnel » (i.e. the number of nucleons 
in it) and 5) the energy E, of the nucleon in the laboratory system (below 
designated as the L.S.). Using the statistical theory, both of these values 
may be found on the basis of two experimental figures, they are the number 
of shower particles in the jet, N,, and its angular spread in the LS. 

In the center of mass system of nucleons jets have a symmetric angular 
distribution (which at low energies is even isotropic). Thus, the velocity v 


Pipi vs u =~ se x Bar) 
Lig rs a ads Nhl 
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of the center of mass system (0.S.) relative to the L.S. may be found from 


1 Lon 
( ) tg Diy Si V1 —= 0" 


d,, is the angle in the L.S. which contains half of the total number of 
particles. 

The dependence of the number of particles N, on y and on the length of 
the tunnel may be found using the statistical theory. For high energies, 
pen 1 Ol OV when thermodynamics is used (*), 


| 1 
(2) Na 1)inty? + di n J 


For low energy, E, < 101! eV, when it was necessary to use the statistical 
weight [3], the values for N, were found in [1]. The formula is complicated 
and it is much simpler to use the curves that were given there. This method 
was applied to the analysis of the jets of ref. [4]. It turned out that two 
classes of cases (class A, large number of particles and large angle #,,, and 
class B, small number of particles with a small angle #,,) in which the authors 
classify their showers correspond as to class A, to collisions of nucleons 
producing tunnels and as to class B, to nucleon-nucleon collisions. 

It was also shown that the determination of the coefficients of inelasticity K 
according [5] to the formula 


SE ; M5) N sy ‘sin O, max 
2(y —1)M 


is not adequate. It may be correct only if the number of particles in the 
shower is N, = 100 (which is practically unrealistic). 


3. — Peripherical collisions. 


Earlier [6], it was shown that classical treatment of peripheric interactions 
of two nucleons is not adequate, and that it is necessary to take into account 
the quantum structure of the field. For this aim, it is suitable to apply the 
method of Weizsacker-Williams. According to this method, in the C.S. 
of colliding nucleons the field of each nucleon g(r) is developed in series 


(*) The factor 2# is introduced to secure an accordance with the Landau formula [2]. 
Of course, it should not be taken too literally. All figures are correct within a 
factor ~ 1.5. 
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over plane waves. The coefficients (or, to be more exact, their squares) 
give probability of a collision of a nucleon with a meson of given energy, this 
meson belonging to another nucleon (recoil of the emitting nucleon should 
be disregarded). 

Therefore, the problem of peripheric interaction of two nucleons is re- 
duced to the problem of head-on interaction of a nucleon with a meson: the 
nucleons flying past each other exchange mesons. The energies (and meson 
momenta) which are exchanged by the nucleons may vary within the limits 
of the spectrum which is determined by the development of g(r) in a Fourier 
series. 

The following cases are possible when mesons are exchanged: 


a) Nucleons exchange mesons having approximately equal energies. In 
this case the observed pattern in C.S. will be symmetric. 


b) The energies of transmitted mesons differ from each other. 
e) Just one nucleon gives away its meson and another one receives it. 
Then only one of the colliding nucleons is excited and emits mesons. 


The pattern in C.S. is definitely asymmetric 


a) Symmetrical collisions. — Let the function of the meson field in the 
proper system be given by the Yukawa potential: 


ESTR [rat 4 (e 
r 


(3) g(r) 

Developing this function in C.S. of colliding nucleons (below referred 
to as the nucleon-system) (N.S.) over plane waves, we shall receive for the 
probability density 


(4) e Kio Va +(- )) 
d E, YN» a 0 i a . 
e È VN Yu} / 


where (e, yy, 0) is the probability of impinging a unit surface for a meson 
having the energy e, e+de; d the collision parameter (the distance from the 
path of the nucleon to the center of the unit surface), and 


al 
2 


Vas (1 =) ’ 


v, being the nucleon velocity in the N.S. Neglection of the emitting 
nucleon recoil means that we may consider collisions only with e < E,. 
Since the upper limit is, e~y,~ H,/M, this leads to the condition of the 
validity of our calculations: 1/M<1. 


a te "TR 
3 Be ce.) “SS PP 
ri 
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The properties of the function 0(€, yy, b), are: 
1) o is normalized per total nucleon energy in the N.S. d.e. 


foo) (co) 


(5) [ex ab [e deole, yy, b) = Ey = Myx- 


0 0 


2) At short distances from the nucleon, b <1, the number of particles 
hitting the unit surface is large and nucleons collisions with b<1 do not 
differ from head-on collisions. 


3) For large collision parameters, b — 1, the density of mesons is small. 
The energy of a meson passing beyond the distance b=1 may have any 
value from 0 to y,. The average energy is e= 0.5yy. Let us take, for the 
beginning, energies of mesons in the N.S. to equal each other and e. 
Fach of the nucleons is excited and then emits mesons. (Such a model was 
examined earlier [7, 8] but not in sufficient details). The total number of 
produced particles according to the statistical theory is 


(6) N, QE; 


where 2, and £, is the volume of the excited nucleon and its energy in this rest 
system, i.e. in the O.S. of the colliding nucleon and the meson; below, 
we shall refer to this system as to the CS. 

The velocity of the C.S. with respect to the N.S. we shall designate by 
v,. We have 


(7) y, = (L— eten 


The energy of the excidet nucleon in its proper system (C.S. is 
(8) fie 2Ve E, È 

In order to determine Q,, it is necessary to find the velocity of the C.S. 
with respect to the system in which the nucleon before the collision was at 


rest and had a volume of Q,= 4a. The nucleon energy prior to the colli- 
sion, in the C.S., is: 


(9) EY = tH, = Ve-#,. 


Therefore the contracted volume will be equal to Q,= $x(M/ Vv e-E,), and 


’ na . si P 
Ci : 
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the number of particles will be 


(10) N,  (eEy)*. 


The proportionality coefficient (equal to 1) is determined in such a way, 
that for e= 3H, (which formally corresponds to the head-on collision) equa- 
tion (10) goes over into the equation for the number of particles for a head-on 
collision N, 2(£,/M)}. 

Therefore, for e< H, the number of produced particles may be consider- 
ably smaller than for head-on collision. 


Angular, distribution. — We are primarily interested in the case (see 
above) e< £,, y,>1, when the particles produced by two different nucleons 
give in the N-system two independent narrow cones near 0 and a. 

Let us assume that the emission of produced particles in each of the rest 
systems of excited nucleons takes place in accordance with the Landau 
theory [2] let us study one of the excited nucleons. Its angular distribution 
in its C.S. will be 


(11) N: SINNI dA 


where 
9, Ve-Ex 
h=—lntg5, L=ln7: 


This distribution over /, has a maximum dW/d/, for 2,= 0 (9,= 2/2). In 
order to receive the angular distribution of these particles in the N.S., 
we may simply «shift » the distribution given by the eq. (11) by AA =1In 2y,. 

Thus, in the N.S. the angular distribution of this cone will be 


(12) AN=exp[VI:— (4,—1n2y,))]44,, 
where 
Aig = In tg da 5 


Another excited nucleon will give a reverse cone in the N.S. Due to 
the symmetry of the whole pattern, its angular distribution may be received 
from eq. (12) by reflecting it at the point 1,=0 (0,=a/2). 

That means that the total angular distribution is: 


(13)  dN=fexp[VL*— (A, — In 2y,)?] + exp[V L?— (A, + In 2y,)*}dd,. 


The transition to the L.S. is performed quite similarly, i.e. by shifting the 
whole pattern by 1=In 2y,. 


has 
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Thus, in the L. S. we have: 


(14)  AN=fexp[VL*— (A,— In 2y,— In 2y,)*] + 


+ exp (VL? — (A, + In 2y,— In 2y,)*}} dA, - 


This angular distribution has two maxima. As a rule, all the angles in the 
L. S. are rather small, and 
a, dd, 


Ay (2A TI, dà, = ri 


Using the above formulas, we may perform some estimations. For example, 
let the observed star to have in co-ordinates dN/d/,, 2, a symmetrical double- 
humped distribution. Let the number of charged particles in it be N,. Then 
the energy may easily be determined from the formula which is true for all 
symmetrical stars, E,= My,= M(i/tgdy). 

Now, from (10) we may determine e using E, and N,. After determining y, 
from (7), we may construct a complete angular distribution and compare it 
with the experiment. The comparison will serve as a check of the above theory. 


b) Asymmetrical collision. — If the energies of the exchanged mesons are 
different (and equal to e, and #,), then the angular distribution in the N.S. 
will be asymmetrical: the narrow cone will contain less particles while the 
wide cone will contain more particles (*). The number of particles in the first 
and the second cone will be equal respectively to: 


(15) N 
(16) N,,= 0.5(e,By)* - 


In practice, it is possible to observe the asymmetry only if the difference 


N, N, is greater than the statistical fluctuation, ie. if it exceeds 
AN,~/N,, Thus, asymmetry will be observable if 

(17) Hy(e} — ei) = Biel, 

or 


Ea ~ 1 
<2 [1 — (Eye) 3]? . 


1 


(Here we neglect the factor 4/0.5). 


(*) In this case, it is not permitted to use eq. (1) for determination of yy, i.e. of 
the velocity of the N.S. with respect to the L.S. 


ve 


—= — pity. 


ee 


Be 
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In order to calculate the probability that the collision will be asymmetric, 
we shall approximate the spectrum e by a function 


Suh ES Yrs 
Ole x) =) Var 
| Oc oes Vrs 


The probability that the collision will be asymmetrical is equal to the pro- 
bability that e. will be less than 


This gives 


Therefore, the complete relative probability that the collision will be asym- 
metrical is: 


TO A 2 | a [1 — Eye) = 


sah SAI) Li si IC 3] 
00 CEST a Fata = 13 5) ae 


The probability increases as H, increases and when £, + co the proba- 
bility approaches 1. However, it approaches this value very slowly: even 
when the energy of the nucleon in the L.S. is #,~2-102% eV; W= 0.16; if 
EH, 10! eV; W=0.4; and if E, 10! eV, W= 0.6. 


c) Single-meson interaction. - When the collision parameter exceeds unity, 
b> 1, the probability for a nucleon to interact with a meson of another nuc- 
leon is 


VN 


W'(b) = [ae o(€, Yrs B)d - 


Here o, is the cross-section for interaction of a nucleon and a meson. The 
probability for another nucleon to not interact with the meson is W’=1— W’. 
Thus, the probability of a single meson interaction when the collision para- 
meter is b, equals to W, = W'-W°. The total probability of a single meson 


interaction is 


W, sù 2atb db . 


. 
Ver 
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On the other hand, the probability of an exchange of two mesons is 
We = | (W')? 2b db . 
dir 

These quantities depend severely on the choice of o,, of the function g(7) 
and of the values of b,, (b., is the smallest value of b for which the above 
calculations hold, d., — h/e). If g(r) is chosen (as above) in the form of the 
Yukawa potential, and we assume 09 = 9.56,...5 b,,= 1 then the ratio of the 
two probabilities is W,/W,~ 2. However, this figure is extremely sensitive 
to the accepted values of g(r), de, and 00. 

In the previous paragraph, the probability of an asymmetrical distribution 
was calculated under the condition that there was an exchange of two mesons. 
If only one meson was involved in the exchange, then the distribution in the 
N.S. is certainly asymmetrical. Thus, the ratio ot numbers of asym- 
metrical cases and symmetrical ones (when the encounter is already known 
to be peripheral) is (Wi+W.W)/W, = (W,/W2) + W. 

If only one of the nucleons is excited and emits mesons, then the angular 
distribution of the produced particles will be symmetrical not in the NS 
but in the rest system of the excited state (C.S.). If the primary fast 
nucleon is excited, then such a case in the L.S. will imitate a «jet» of a 
very high energy, however containing few particles. 

In order to determine experimentally the energy of the primary particle 
in the L.S., it is necessary to find 


where % is the velocity of the excited nucleon in the L.S. Starting from 

the observed number of particles N,, we find the energy of excitation FH... 
This may be done by using formula: 

i + 

N,=2 2 =) 

ì 2M)’ 


if the number N, is large enough (thermodynamical theory), or according to 
the curves in [1] for V,< 10. 
The energy of the primary nucleon in the L.S. will be E, = Hy. 


4. — Processes accompanying the interaction offa nucleon with a nucleus. 


a) Excitation of the nucleus. — At large energy the primary nucleon does 
not interact with the whole nucleus, but only with the substance that is on 
its path (it cuts a tunnel). HEITLER and TERRAUX [9] calculated the excitation 
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energy of such a nucleus and found that the main contribution is due to the 
surface energy of the tunnel, which is approximately (150--200) MeV. In such 
a case, it emits few (approximately 2, 3) slow heavy particles. This explains 
the fact that among the stars that are observed in the photoemulsion, we 
often find cases that are accompanied with a small number of « black » tracks, 
although produced as a result of central nucleon collision with a heavy nucleus. 

However, there are often cases when the shower is accompanied by a 
large number of « black» tracks. The Heitler-Terraux theory does not explain 
these cases. 

It is possible to point out another mechanism of high excitation of the 
nucleus. If a meson is present in the meson field which surrounds the nucleon 
and if it is beyond the limit b> 1(#/uc), then it will interact with the nucleus 
independently of its nucleon, since during the time of interaction they will 
not be able to connect themselves by a signal. The probability of finding 
such a meson beyond the limit #/uc=1 is equal to 0.8 (if g(r) =e-"/r). 

We may consider two cases: 


1) The meson has high energy. Then, similarly to the nucleon itself, 
it cuts a «tunnel» in the nucleus and forms an accompanying shower (this 
case will be discussed below). 


2) The meson has low energy and is «caught» in the nucleus, highly 
exciting it. The energy of such a meson (in the nucleus rest system) should 
not exceed a certain critical energy e., (in case of collision with a heavy nucleus 
e, = 5 GeV). The probability of excitation of the nucleus will be approximately 
equal to 


(ce) eer 
7 


W.. = [zai ab | de on 


1 0 


where y= (1— e°) *, v is the nucleon velocity in the nucleon rest system. 
If the nucleon energy is high, Z, < 100 MeV we have W,, = 36/y, i.e. the 
probability of excitation of the nucleus decreases, when the energy increases. 
This conclusion practically does not depend on the choice of the function 
g(r), since it is a result of the fact, that the meson spectrum is flat (4). 
It would be interesting to compare this result with the experimental data 


which unfortunately are not complete at the present moment. 


b) Accompanying collisions, — Tf the meson energy is sufficiently high 
then an accompanying shower is produced besides the main one, which is ¢ 
result of the collision of a meson having an energy e, with the nucleus « tunnel ». 
The size of the second tunnel should be near to the size of the first one. The 
energy emitted in accompanying collisions, as well as the number of gene- 


ye ee ye Mee RAM Tina mn gh AN ee i Te Ce At te 
è a i 4 : iad Vele BO LU 
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rated particles should be smaller than in the main shower, but the angular 
distribution in the L.S. is much wider. Therefore, in the C.S. of the impin- Sat 
ging nucleon and the tunnel, the accompanying shower will be directed 
« backwards », i.e. the particles will be limited in the direction that is opposite 
to the motion of the initial nucleon (*). Thus, in this case, the angular distri- 
bution will be asymmetrical but in contrast with the previous cases, the 
surplus of particles in all showers will be directed in one and the same Di 


direction—backwards in the ©.S. 
Let us carry out some estimations: 


1) The probability of accompanying collisions will be equal to W,..= 

— W,— W,.(y), where W, is the probability that there are mesons beyond 

‘the distance h/we=1, W., is the probability that this meson has energy lower 
than the critical one. 

Both of these quantities depend on the choice of the function of the meson 

field. For example, for a function of the type of the Yukawa potential 


W.,. = 0.8 — (36/y), if ¢,,~ 5 GeV. 


a 


2) The number of particles may be determined by the statistical theory ‘ 
formula: 


isp) 
ty 


where n is the number of nucleons in the tunnel. e is the meson energy in the ; 
L.S. (nucleus rest system). Average energy ine QO pe: ; 
Therefore, the average number of particles in the accompanying shower is 


4/ a . . 
V M/0.5 ~2 times smaller than in the primary one. 


3) Supposing that the distribution of particles in the C.S. of the 
colliding meson and the secondary tunnel are symmetrical, we may estimate 


the half angle in the L.S. tgd,, = V 2M. Je. 

The mean value of e is €= 0.5y. Therefore, on the average the angle ?,, 
(to be more exact, its tangent) in the accompanying shower will be Vv M /0.5~ 4 
times wider than in the primary one. 

It should be emphasized that, since the spectrum e is flat, it is very prob- 
able that collisions may occur with characteristics substantially different from 
the average ones. 

Events as those considered above seem to have been observed by TAKIBAJEV 


(*) Due to the asymmetry of angular distribution, the determination of the C.S. 
based on using the magnitude of the angles in this case is untrue. A preliminary 
symmetrization of the shower, ie. the elimination of the accompanying collision 
shower, is necessary. 
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(USSR), who tried to perform a symmetrization of asymmetrical jets. How- | 
ever, the study has not yet been completed. 


The above results in the essential part were obtained in close co-operation | 


with Y. A. Romanov and Y. F. STRoKOov. 
* OK ok 


The author offers hearty thanks to Dr. E. L. FEINBERG for many helpful 
discussions. 
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In the present work a pellicle stack technique was used to study showers 
produced by high energy cosmic-ray particles. Preliminary results obtained 
with 29 showers have been reported previously [1]. The purpose of the work 
reported here was to determine the energy dependence of shower characte- 
ristics in the (1010!) eV energy range. 

The pellicle stack had a 4.5 em thickness and a 10 cm diameter. It con- 
sisted of 100 NIKFI «type R» emulsion layers. The stack was exposed in 
the stratosphere during 7h at a 27 km height in May 1956. The emulsion 
was processed by D. M. SAMOJLOVIC. 

In the course of pellicle scanning explosive showers consisting of more than 
5 relativistic tracks all laying inside a sufficiently narrow cone were selected 
and registered. The preliminary shower selection did not include any discri- 
mination respective to the number of black and grey prongs. During scanning 
we also registered relativistic-particle jets consisting of more than 5 tracks. 
Later the jets were retraced through several pellicles and only 5 of them were 
found to represent explosive showers, the remaining 200 being electron-photon 
showers which are of no interest in the present work. 

For each explosive shower found in the emulsion we determined the charge 
of the primary particle (single-, double-, or multiply charged particle) and mea- 
sured the angular distribution of the shower particles relative to the shower 
axis. 

To determine theshower energy we assume that the shower-particle angu- 
lar distribution was symmetric in respect to 0 = 7/2 in the centre of mass sys- 
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tem (C.S.) (*). Starting with this assumption the quantity 


1 


, Ca 


- VI=p? 


(where f, represents the velocity of the C.S.) can be determined by one of the 
three methods: 


1) as y, = ctg 7; where 2, is the angle containing a half of the shower 
particles; 
2) fromlny;=—Intgd,; 


3) from the condition 


F(A) 
In = 0 
ARA yy, wee 
where 2 = In tg and F represents the number of shower particles with 7 
not exceeding a given value. 


As can be seen from Table I the three methods of y, determination 
mentioned above give y. values differing on the average by (20 30)%. 

BELEN'KIJ and LANDAU [2] have calculated the multiple-particle production 
using a hydrodynamical model and assuming the primary nucleon to interact: 
with the nucleus as a whole, i.e. with a «tube » of it. They obtained the fol- 
lowing expression for the angular distribution of particles in the C.S.: 


| AN exp[VIL°— a2]d4, 


0 1+1 
A =Intg;, (ah 2 o 


vhere / represents the « tube length », i.e. the number of nuclear nucleons along 
the ntersection of the primary particle trajectory with the volume of the target 
nucleus. Since the distribution (1) is symmetric in respect to 0 = 2/2 it fol- 
lows immediately that — in case the theory is correct — y, for nucleon-« nu- 
clear tube » collisions can be determined in the same way as for single nucleon- 
nucleon collisions. 

Table I summarizes the main results of the analysis of 43 showers produced 
by nucleons and 20 showers produced by «-particles and heavier nuclei. 


(*) Here and in subsequent equations 0 stands for the shower-particle emission angle 
in the C.S., while # represents the corresponding angle in thelaboratory system. (L.S.). 
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TABLE I (continued). 
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| No. Pri- mtn, | n da | ee ) | Hy 
mary | | (degrees) (94) (ay | (PB) Se (Vo) 
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5 oy | Oa IO 57 36 50 48 | 4.6-1012 
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8 x e E OA 21 30 250 Nel 10% 
E, = (108 = 10") eV 

1 po | 11+13 | 16 | o70| 82 | 50 | 120 | 84 | 14-10! 
ol p | 5+ 4 Geno, 227) LAI 200m mn 222 | 9.9-1013 


The L.S. shower energy EH, indicated in column 10 was calculated under 
the assumption of the single nucleon-nucleon collision mechanism. 
In the case of the nucleon-« nuclear tube » collision mechanism: 


1. — Angular distribution of particles in the centre of mass system. 


The exit angle of a shower particle in the C.S. and the corresponding 
angle in the L.S. are correlated in the extremely relativistic case according 


to the equation: 
0 
(2) cigd = y. ctg 5 - 


For every shower the angular distribution of particles in the C.S. has 
been found using equation (2). In order to obtain statistically more signi- 
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ficant angular distributions total angular distributions of shower particles were 
computed, each total distribution representing a whole interval of shower 
energy values. 

These distributions are shown in tables II, IIa and in Fig. 1. The 


TaBLE II. — 0.8. angular distributions of particles in nucleon-produced showers. The 
table indicates relative numbers of particles per steradian. 


EB, 6 |  0°-30° 30°-60° 60°-90° 90°-120° | 120°-150° | 150°-180° 
= ee =. kia 

1019 - 1011 | 5.56+0.92 | 2.15+0.35 | 2.1740.30 | 1.75+0.27 | 2.67-0.39 9 | 5.25+0.91 

101! - 1012 | 3.28+0.56 | 2.72-+0.31 | 2.30+0.24 | 1.78+0.21 | 2.01-+0.26 | 7.22+0.83 | 

1012 - 1014 | 3.47+-0.80 | 2.87-+0.44 | 2.00-+0.31 | 1.61+0.28 | 2.07-0.37 | 8.19+1.2 | 


TABLE II a. — Angular distributions of particles in showers produced by primaries having 
Z>2. The table indicates relative numbers de particles per steradian. 

SQ fe) fe) i | € [e] [e] 

5, 50 0°-30 30°-60 


= 


60°-90° wi 90°-120° | 

| Pan 
2.28-+40.21 | 2.08+0.20 | 
1.85+0.34 | 2.09 +0.36 | | 


120°-150° | 150°-180° 


1010 - 1011 | 3.40+0.50 | 2.73-40.27 
1011 - 1014 | 4.13+0.97 | 2.94+0.50 


| 
2.66+0.27 | 4.29 40.56 
| 2.19+0.43 | 5.7541.2 | 


errors indicated in the tables are statistical deviations calculated as vi I;, 
91; representing the number of particles in a given angular interval. 
Tables II and Ila show that f(0) is in general substantially non-isotropie while 
for showers produced by (101! = 1014) eV 
ers | ——— nucleons the distribution is in addition 
on farai) w non-symmetric in respect to 0 = 7/2. The 
8 angular distributions in C.S. presented in 
the tables were obtained using equation (2), 
y: being determined as y, = ctg #,. In order 
to determine y, by this equation we presup- 
posed the numbers of particles in the 
angular intervals 0-7/2 and x/2-x to 


prata dini PL 
| 
I 


Fig. 1. — Shower-particle angular distributions 
in the centre of mass system. The full line re- 
presents showers in the (1010 — 1011) eV energy 
range. The interrupted line corresponds to the 
(10! — 1012) eV energy range, the dotted-inter- 
rupted line corresponds to the (1012 = 1014) eV 
energy range. All the distributions shown repre- 
0 ee SS i i 

0° 30° 60 90° 120° 150° 180% sent showers produced by single nucleons. 
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be equal. Therefore the lack of symmetry of the angular distribution for 
such a value of y, means that f(0) cannot be made symmetric by any other 
choice of y,. 

It is interesting to note that the above mentioned asymmetry does not appear 
for showers in the energy range of (10! = 10"!) eV and seems much weaker for 
showers produced by heavy particles. This conclusion, however, is not quite 
definitive because of scarcity of data in the (101! 101") eV energy range. 

The observed asymmetry might be supposed to result from secondary 
interactions of shower particles with nucleons inside the same nucleus. It 
turned out, however, that this asymmetry does not depend on the number 
n, + n,. This fact clearly indicates that secondary interactions are not respon- 
sible for the asymmetry of the angular distribution of the shower particles 
in respect to 0 = 2/2. 

The asymmetry observed could arise if each shower were produced as a 
result of several interactions of the primary particle with nucleons of the target 
nucleous. If such were the case the asymmetry would obviously increase for 
higher shower multiplicities. Experimental results, however, discard such a 


supposition. 

We are thus led to assume that the asymmetry of f(9) in respect to A = 7/2. 
is not the result of subsidiary processes but rather arises from the very nature 
of shower production in nuclear interactions of nucleons. 

This result contradicts the conclusions of the «hydrodynamical » theory 
of shower production in knock-on collisions according to which the angular 
distribution of the shower particles should be symmetric relative to A e=geia 
in the C.S. (see equation (1)). 


2. Relation between the number of shower particles and shower energy. 


Table III presents average multiplicities of showers for different energy 
intervals of primary nucleons. 


TABLE III. — Average numbers of shower particles in nucleon-produced showers. 
= = = 

= | ay | n, | n(n,+n, < 3) | n(n +n, > 3) | n(d< dy) n (I, > Dy) 

| Z — 

| 1010-10 | 15.3 | 17.7 | = | evi 10:00) 106 
1011 - 101? | 5.34 | 19.4 | 16.3 20.6 | 15.3 ZIO 
OLR Ot | 1.45 | 23.8 26.0 23.1 26.2 20.8 
NOP = TOP | AU | ZO 18.8 21.4 20.5 20.9 


One can readily see from Table III that the number of shower particles 
n, is a very weak function of the angle %,. Accordingly, if the method of shower 
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energy determination from the angular distribution of shower particles described 
above does indeed give a reasonable evaluation of H,, it can be concluded 
that the experimental dependence n, = f(2) is substantially different from 


that predicted by theory: (%s)ieor. ~ VE, . In addition Table III illustrates 
the weak dependence of n, on the angle dy and on the number of black and 
grey tracks associated with the shower. This fact suggests that secondary 
interactions of shower particles with nucleons inside the nucleus play no pro- 
minent role in the shower production mechanism. It must be noted, however, 
that a more careful analysis of this effect requires a more accurate determina- 
tion of E, with due account of the « nuclear-tube » mechanism of shower 
production. The result of such an analysis will be reported by the authors 
in a detailed paper in the Zu. Éksper. Teor. Fiz. 
In showers produced by particles with Z > 2 the number of shower part- 
icles substantially exceeds the value ”, obtained for nucleon-produced showers. 
This may be naturally explained by supposing each such shower to be pro- 
duced in a simultaneous interaction of several nucleons. 
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Theoretical Interpretation of Multiple Production of Particles 
in High Energy Collisions. 


G. WATAGHIN 
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The purpose of the following remarks is to outline a theoretical approach 
to the interpretation of the multiple production of particles on the basis of 
a non local field theory proposed by the author [1]. It will be shown also. 
that the main experimental data on multiple production can be understood 
if one introduces a convenient interaction-hamiltonian. 

The theory must explain following experimental data on nuclear collisions 
concerning jets of energies in the laboratory system (L.S.) from 10! eV to 
LOS eV: 


1) cross-sections, which are of the order of geometrical values; 


2) anelasticity coefficient K, defined as the ratio of the total energy of 
created particles after the collision and the total energy of colliding particles 
(both measured in the C.S.); in most cases one finds 0.2 < K <1; 


3) the spectrum of transverse momenta, which does not depend on the 
reference system; in most cases of high energy jets the average value of the 
transverse momentum is: < 0.5 GeV; the average longitudinal components 
in the C.S. apparently increase with the primary energy as ~ Zi; in the 
observed jets sometimes they have values ~ 10 GeV; 


4) the angular distribution shows large fluctuations: it is nearly iso- 
tropic for low energy jets; in the cases of jets with H,. > 107% eV one finds 
marked anisotropy ; 

5) the variation of the multiplicity with energy is not well known; ate 


depends on the anelasticity coefficient and apparently it increases slowly with 
the primary energy in the center of mass system (approximately as Bi.) 


LS 
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In this report only some features of the theory will be briefly mentioned. 
The most important assumption, we introduce, concerns the existence of small 
domains of uncertainty in every interaction process depending on a unique 
universal length J. 

In order to take into account this fundamental uncertainty we introduce 
new internal parameters 7, by a method similar to the one proposed by M. 
MARKOv and H. YUKAWA, and then proceed to define the S-matrix substi- 
tuting new co-ordinates X,= %,t 7, instead of usual ones #,, where #, are 
the variables appearing in the free-field equations, whereas 7, are parameters, 
conveniently defined, which express the uncertainty in our knowledge of the 
co-ordinates during the interaction. The term of n-th order of the S-matrix 


i = 0 È 
S = di [el or ) pin (a \H'(%.)...H (@n)| 44%, ... d‘y, ... dns 


7 I Vivy PA NI 


iv 


contains a universal form-operator F defined in the previous paper [1]. The 
interaction-hamiltonian densities H' are here used only as operators deter- 
mining the amplitudes of probability of transitions between certain states of 
fields which are eigen-states of the energy and momentum. The elimination of 
n, trom the expression of the S-matrix gives us in the momentum space the 
cut-off factors satisfying the claim of macroscopic causality. These are of 
two types being functions respectively of two invariants J,, 7, defined in the 
following manner. In the momentum space only some Fourier components of 
S, are needed to represent a given collision process. Let P,= p.+p, be the 
total energy-momentum 4-vector of the incoming colliding particles and let 
u, be the velocity vector of the C.S., of these particles: «,= (1/m)P.,, where 
m?= P,P'> 0. The two invariants are: I, = k,U’,= VA ES We call 
them respectively the « projection » on the time axis and on the space of the 
C.S., because in the C.S., one hash el, ee 

The first kind of a cut-off operator G, is a function of J,(/k,), where lis 
chosen to be the Compton-wave length of the nucleon. The second kind G, 
is a function od I,(lk,). GÈ is interpreted as giving the statistical weight of 
the state k, relative to the considered collision process. The cut-off factor G, 
is applied only to the intermediate virtual states and gives an extension in 
time of the elementary domain of interaction and a life time — l of a virtual 
state. Making a convenient choice (*) of G(t) one obtains a rapid convergency 
of the perturbation series. 

In order to derive a field-theory of multiple production, we assume that a 
non-linear interaction hamiltonian, e.g. of the type considered by GLAUBER: 


(1) PYyt(GysP) 5 


(*) This choice is discussed in detail in a forthcoming note in Nuovo Cimento. 


0 
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where, for example, f(x) = e*—1, or of the type: 


(2) (yp, p)f(gLv,6,7") 5 


where y is another non-linear function of y and y, and J’, are matrices in 
generalised isospin space, describes the interaction of barions (y) and Tt- and 
K-mesons (g,) in high energy collisions. 

In order to obtain the observed angular distribution of particles in high 
energy jets we make use in (2) of a new invariant operator defined as a scalar 
product of the 4-vector i>, and of the following vector: 

Eat 
(3) o,= eb 
Ip, Py | 


where p, and p. are the momenta of the incident particles. This v, can be 
put into the interaction hamiltonian by the mathematical formalism pre- 
viously suggested [1]. 

The main purpose of the foregoing remarks is to state, that even without 
knowing the exact form of non-linear interaction hamiltonians and of the 
correct cut-off operators, one can see that an S-matrix formalism of the above 
type will give rise to several terms containing matrix elements of the type: 
<p', p"|O|p,p, k,...k,> representing a given set of incoming and outgoing 
particles. The competition between various possibilities is based on the com- 
bined probabilities of transitions and on the densities and statistical weights 
of final states. In the transition probabilities, factors containing K,U” can 
explain the angular distributions, whereas G,(lk,) enter in the determination 
of the expected momentum spectra of final states [2]. 

It seems to us that one has in the above sketched formalism the necessary 
tools for a field theoretical interpretation of the multiple production. 
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1. — Neutron measurements in Alaska. 


11. Introduction. — In connection with cur IGY program we installed a 
neutron monitor in Alaska. The monitor is of the standard Simpson type, 
using 12 counters in a paraffin and lead pile. Two identical but independent 
scaling circuits record the counts, and the sum is also recorded by an Esterline- 
Angus pen recorder. The monitor is located at Ballaine’s Lake, which 
is about 1 mile NW of College or 6 miles NW from Fairbanks, Alaska. The 
geographic latitude is 65° north, the longitude 148° west. The geomagnetic 
latitude is about 66° north. The altitude is about 300 feet above sea level. 
The counts and barometer are photographed at intervals of 15 min and the 
barometer coefficient is calculated and applied in the usual manner. 


12. The observations. — The instrument started producing data and a number 
of interesting fluctuations were noted. These occurred on the dates listed in 
Table I, and in the amounts and magnitudes shown on that table. This list 
must not be considered complete, for trouble has been had with the device 
photographing the counter registers, resulting in occasional interruptions of 
the record, and occasional cases in which the Esterline-Angus recorder showed 
a fluctuation but in which it was not possible to verify it by observing the 
two sets of counters. To improve the reliability of the device, automatic prin- 
ters are being installed but the printers were not in operation in time for their 
data to be included in this paper. 

Only the largest fluctuations are presented. These are so large that they 


(*) Assisted by the USNC-IGY Program, by the joint program of the ONR-AEC 
and in part by the Air Force Research and Development Command. 
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far outweigh the pressure variations, and hence it does not matter whether 
the pressure coefficient is applied or not. 


173. Remarks about the fluctuations. —- One interesting one is a decrease of 
the order of 15 or 20%, in the interval of January 21 to 27. This is apparently 
a world-wide effect for it IM 


has been reported by sev- DATA FROM IGY ALASKA NEUTRON MONITOR 
raorhenicbiorsar COLLEGE. ALASKA, LAT.64N, LONG 148W, GEOMAG ABT. 64N, ALT. 300 FT. 
eral other observers. It —EveNT DATE TIMEUT APPROX SHAPE %FLUCT.=—CORRELATIONS 


also correlates with mag- IN 
i ; neon 1. DEC.31-56 0245-0300 25% 
netic and ionospheric dis- 


henna 2. JAN. 2-57 1925 -1930 I 485 
turbances. DEERE AGE 
; TRE EG JAN. 21-57 MAGNETOGRAMS FROM 
A curious double spike 3 SME ine 
occurred at 0922 and 1003 JAN. 27 57 DISTURBANCE 


= : 4. FEB.9-57 2240-00 —~__~— 40% 
U. T. on February 13, and 


again at the same times 5. FEB 13-67 092541000 —J\\___ 80% 
on the following night, 
although the ones the 
second night were about 


6. FEB.14-57 092541000 ~~. rs 40% 


7 MAR1-57 0245-0435 ___ 15% AURORA; IONOSPHERE; 
AND BIG MAGNETIC 


half the amplitude of the 8. coed 1500-2300 iva DISTURBANCE 
first. On these we do not Aia INH.DAZ 
eni 9 MARV-57 1410-1420 __/~\___ 16% 

totals and independent Hig.) 


counts from each set of 
counters. Each spike appeared to have a very abrupt start and then an ex- 
ponential decline to normal. 

An increase of the order of 25% in the radiation was observed starting on 
December 30, 1956 at 1650 local time (0250 on December 31, U.T.) which 
returned to normal, exponentially, in about 20 minutes. 

A series of large irregularities started on March 2 to 4, 1957, in which 
irregular increases of the order of 50% to 100% occurred over a period of 
several days, gradually becoming normal. The usual exponential return was 
not observed. This correlates with strong geomagnetic and ionospheric dis- 
turbances, and auroral displays. 

Several other less spectacular fluctuations were noted. Fig. 1 shows the 
several variations. 


2. — The neutron balance in the atmosphere. 
21. Introduction. — A number of persons have discussed the problem of 


the number of neutrons being produced and disappearing in the atmosphere. 
As knowledge of the subject has increased, it has become apparent that the 
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subject is quite complicated, and that neutrons both are produced and dis- 
appear by a number of mechanisms in competitive equilibrium. We shall 
briefly review some of these here. As will be seen the accuracy of the data 
varies quite widely, and some of the processes are known with precision while 
others are not. 


292. The mechanisms. — Neutrons are produced by several processes. First, 
primary cosmic rays produce high energy disintegrations. Some neutrons 
result directly from this, and are slowed down by collisions and survive to 
become slow neutrons. Then, through the well-known nucleonic cascade, fast 
neutrons and other particles formed in the fast disintegrations may produce 
evaporation stars, nu- 
clear disintegrations 


D involving much less e- 
INTEGRATION 


OTHER nergy per event. These 

A € as i a LI Ss A 7 

PRODUCTS stars in turn result in 
PHOTO- the production of evap- 
es oration neutrons form- 


ed in such stars. Other 
products formed in 


such stars which com- 

Fig. 2. plicate the analysis are 

tritium and helium 

three. Second, in any cascade process there are numerous photons, which 

may form photoneutrons. This process obviously is in competitive equilibrium 

with the cascade process, and has a substantially smaller cross-section. None- 

theless, some neutrons are added by this process. Finally we must consider 
primary neutrons arriving from the sun. 

Processes by which the neutrons disappear are, first the formation of tritium 
and radiocarbon upon interaction with nitrogen, second the escape or loss of 
neutrons to the earth by albedo, and then a few neutrons enter into other 
reactions, such as the formation of less abundant isotopes in the earth’s crust 
and atmosphere. We shall estimate these several effects. Fig. 2 shows the 
relationship of the several processes. 


2°3. Available data on each process. — The primary intensity we shall take 
as about 610 peters [1] (particles m-? sr-1 s-1). Multiplied by 2z, this cor- 
responds to flux of 0.3 particles per em? and per s from all directions in the 
upward hemisphere. This is the flux which gives rise to the neutrons. Each 
of these particles will produce, on the average about one per cm? fast dis- 
integration, and each of these about 3 stars, the star production rate according 
to PuPPI [2] being around 3 per cm? and per s. Stars in nitrogen consist, ac- 


pe 
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cording to ORTEL [3] of on the average 1.5 neutrons, the rest being other 
fragments with which we are not concerned. Hence this source gives rise to 
a rate of production of 4.5 neutrons per cm? column per s in the atmosphere. 

The actual rates at the top of the atmosphere presumably exceed these 
rates somewhat. We must include fast neutrons slowed down and neutrons 
produced by other processes. The most difficult problem is estimating the 
number of stars in which only a neutron emerges. The above figure is then 
a lower limit. | 

FIREMAN [4], basing on experimental measurements of the rates of pro- 
duction of neutrons and tritons by beams in large machines, argues that the 
total production of neutrons by all processes is around 4.3 per cm?, and that 
of this, about 1.1 escapes by albedo, 2.2 goes into radiocarbon and 1 is left 
over for tritium and all other processes. The figure for the albedo is obtained 
by noting that the curve of neutrons as a function of altitude has a maximum, 
but the stars are produced all the way to the top. He takes the difference 
between the star curve and the neutron curve as albedo. Actually as SIMPSON 
has pointed out, the neutron curve is for slow neutrons, and if one measures 
neutrons with higher energies, then the maximum is higher in the atmosphere. 

The rate of production of photoneutrons in the cascade process, ¢(y, 2) will 
be related to the rate of production of electrons in the ratio of the photo- 
neutron cross-section to that of the cascade electron production. This latter 
we may estimate, recalling that on the average a radiation length in nitrogen 
is 312 meters according to Rossi [5]. A path of 312 meters corresponds to a 
cross-section of 1.2 barns. If the photoneutron cross-section is of the order 
of 12 mb, then the production of photoneutrons in cascade events will be by 
about one percent of the photons. Since the large cascade events which contain 
many photons are not numerous, and since they decrease in number faster 
than they increase in energy, we can only ascribe some 0.1 neutrons to this 
mechanism. 

As to primary neutrons from the sun, it has not yet been proved that these 
exist at all. While it would indeed be strange if the sun did not emit some 
neutrons, for there must be some charge exchange scattering high in the solar 
atmosphere, the evidence today seems to indicate that such emission is only 
significant at the times of large flares or other disturbances. The point is being 
studied further. Provisionally however, we omit solar neutrons from the total. 

As a result of albedo, the earth will seem to be a source of neutrons if 
viewed from outside. Therefore measurements of neutrons in rockets and 
satellites will be of importance. It is also suggested that extra-atmospheric¢ 
vehicles may give a good measure of neutron lifetimes. Certainly the amount 
and energy distribution of albedo neutrons should be measured. 

Turning next to the processes whereby neutrons disappear, we have the 
estimates from the radiocarbon measurements of Lippy [6], KULP and others, 
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of between 2.2 and 1.8 neutrons per cm? column per s. This is the total 
production needed to account for the observed radiocarbon. The data from 
the BF; counters in the atmosphere give, according to SOBERMAN [7] (after 
correcting an obvious numerical error in this paper) about 1.4 neutrons which 
have slowed down enough for the counters to measure them. By subtraction 
we get 0.4 neutrons as being captured while fast by the resonances. Unfor- 
tunately radiocarbon decays with a 5720 year period [9] into ordinary already 
abundant nitrogen, so that the rate of accumulation of this substance is not 
a useful measuring tool. 

Tritium production has been measured in both wine and water by von 
GROSSE, LIBBY, KAUFMAN and others [8]. The values obtained are around 
0.12 per column. FIREMAN [4] suggests a larger value, namely 0.1 to 0.2 from 
neutrons and 0.3 to 0.7 from stars. 

The amount of helium three will exceed the amount of tritium decaying 
since helium three can be produced directly in stars. The amount of *He has been 
calculated and measured by various persons but is not a subject for this paper. 

All other processes whereby neutrons disappear are small compared to 
the above. The rates of production of such rare isotopes as !°Be or 7Be have 
been estimated by PETERS [10] and by BENIOFF [11], to cite a few. The orders 
of magnitude are 0.1 per column. That there are many such processes, not 
all of which have yet been discussed in the literature seems certain. That 
the total contribution of these is small seems also estabished. 
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A method for determining prehistoric cosmic ray intensity is to study the 
isotopic changes produced by cosmic rays. The isotopic changes produced 
ean be studied at two places: on the earth and in the meteorites. On the 
earth, the isotopic changes are brought about in the atmosphere and in the 
surface crust. 

So far the only determination of past cosmic ray intensity was based on 
studies of the cosmic ray produced radio-isotope “C. Its studies have shown 
that up to (10+ 15)-10? years, the cosmic ray intensity was the same within 
+10%. The measurements of KuLp and VoLCcHOK [1] on !4C concentration 
in sections of ccean sediments, whose age was determined by the ionium method, 
showed that the cosmic ray intensity remained substantially constant in the 
last 30000 years. These results, however, depend on the validity of the 
ionium age determination method, and have recently been criticized. 

Two years ago, it was pointed out by one of us [2] that the 2.7 million year 
half-life radio-isotope, !*Be, which is produced mainly in interactions of cosmic 
rays with atmospheric nitrogen and oxygen nuclei, may finally accumulate 
in deep sea sediments and should be detectable in regions of small sedimen- 
tation rates. If such sediments can be found which have remained undisturbed 
in the past, both physically and chemically, its studies should yield the cosmic 
ray intensity up to 10 million years in the past. 

Be has now been detected in the deep sea Pacific sediments by ARNOLD [3] 
and in our laboratory [4]. We have analyzed its concentrations in the upper 
and lower ends of a 14 metre long sediment core. The results of ARNOLD are 
confined to upper sediment layers and are consistent with ours. The experi- 
mental procedure and the results of our experiments are described here briefly ; 
for details see reference [4] and [5]. 
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The beryllium activity was extracted chemically from the sediment by a: 
procedure which is specific for beryllium. The chemical efficiencies were de- 
termined by pilot tests using artificial 7Be in about the same concentrations 
as that expected for “Be in the core. The samples were counted on a stable 
low-level (-counting unit, which employed a small end window counter of 
diameter 6mm. The background was = 8 counts per hour. The samples 
counted had a net counting rate of (3 5) c.p.h. above the background. That the 
activity extracted is due to “Be, was ascertained by two independent checks. 


a) The samples obtained after the first series of chemical purification 
were combined and subjected to two additional chemical purifications by a 
procedure which is highly specific for beryllium. The specific activity of the 
sample remained unchanged after the additional chemical purification cycles. 


b) The emitted radiation was identified by absorption measurements. 
It corresponds to a (-radiation of maximum energy (0.68 + 0.20) MeV which 
is consistent with the value of 0.55 reported for Be (-radiation in the lite- 
rature. 


These checks proved that the measured activity is due to Be. 

The concentration of Be nuclei was measured at a depth of 31.2 gem? 
and found to be (1.56 + 0.43)-10! nuclei per g of dry sediment. The ratio 
of the activities between depths 8.5 and 350 g em~? depths was also determined 
and found to be 1.75 + 0.75. 

Apart from the fact that the activity seems to be smaller in the lower 
portion of the core compared to that in the upper portion, we have no other 
indications that the core represents an undisturbed sedimentation. However, 
if we assume that the core has remained undisturbed both physically and 
chemically, i.e. the Be nuclei have remained attached to their appropriate 
layers since deposition and if we further assume that the deposition of !°Be 
in the analysed core corresponds reasonably well to the average global de- 
position of Be over the earth’s surface, we can derive some information from 
these measurements. 


In an undisturbed core, the concentrations of Be nuclei at a particular 
depth are only a function of the sedimentation rate, and the cosmic ray in- 
tensity. At first, we try the hypothesis that the sedimentation rate and the 
cosmic ray intensity have remained constant up to a time period corresponding 
to the lower end of the core. We then find for the rate of Be deposition, a 
value of 2.55-10° nuclei em ? year~', and for the sedimentation rate, a value of 
0.155 mg/1000 years (5.5 mm/1000 years). The lower limits still consistent with 
our measurements are for the deposition rate of Be, 1.1-10° nucleic m-? year! 
and for the sedimentation rate, 3.4mm /1000 years; the errors are as yet 
too large to permit an upper estimate. 
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The present day global deposition rate of Be has been calculated from the 
available cosmic ray and accelerator data [2, 6], and also has been estimated 
from the observed deposition rate of another cosmic ray produced isotope, 
"Be [5]. The two estimates agree closely and we find a present day deposition 
rate of 2.3-10° Be nuclei em? year~!. This value agrees well with that obtained 
from the core analysis on the assumption of a constant cosmic ray intensity 
and sedimentation rate. The results are therefore consistent with a constant 
cosmic ray intensity up to ~ 2 million years. 

We then try the hypothesis that the rate of sedimentation has remained 
constant, but the cosmic ray intensity has been varying; its variation being 
represented by a function varying linearly with time. Assumption of a linear 
variation should be adequate since the transit time of the average cosmic ray 
particles before reaching the earth’s surface must be at least 120000 years 
as shown by Morrison, OLBERT and Rossi [7], in order to account for the 
observed spatial isotropy of the incident radiation. Therefore, even sudden 
changes in the cosmic ray production must manifest themselves only as gradual 
intensity changes on the earth. 

It can be easly shown that the integrated concentration of Be in an 
infinitely long undisturbed core is only a function of the past cosmic ray inten- 
sity, and does not depend on the sedimentation rate [5]. The underlying basic 
assumption of an undisturbed core and an average rate of deposition of Be 
on the ocean bed, can therefore be checked by measuring the integrated Be 
concentration per unit area in different regions of the ocean. 

If these assumptions are proved by experiments and if the assumption of 
a linear variation of cosmic ray intensity in the past is justified, one can de- 
termine both the intensity of cosmic radiation and sedimentation rate in the past. 

Since our measurements are not exhaustive at present, we have as- 
sumed a constant rate of sedimentation and a linear variation of the 
cosmic ray intensity in the past. Using the present day deposition rate of 
2.3-10% atoms em? year !,we then find for the sedimentation rate 5.1mm /1000 years 
and that 2.45 million years ago, the cosmic ray intensity was 5% higher 
than it is to-day. Within the errors of measurements, it could have been either 
10% lower than to-day 3.2 million years ago, or 55% higher 1.7 million years 
ago. The upper limit on the cosmic ray intensity arises due to the fact that 
within the errors of measurements, the activity in the lower end of the core 
could be the same as that in the upper section. 

These results should be considered tentative at present since they are based 
on few measurements which have small stastistical accuracy and are subject 
to the correctness of underlying assumptions which must await confirmation 
by future experiments. 

It must be pointed out here that the cosmic ray intensity as determined 
by the Be method is that incident on the earth’s surface and therefore includes 
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